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1. Introduction and goals 
 
Ionic liquids (ILs) have long been known, except that they were not always indicated with this specific 
term. In principle the first ionic liquid to be synthesized was ethanolammonium nitrate with a melting 
point of 55 °C, synthesized by S. Gabriel and J. Weiner as early as 1888.1 The first room temperature 
ionic liquid was reported about 25 years later by P. Walden in 1914 when he synthesized 
ethylammonium nitrate, which melts at 12 °C.2 Eventually, in 1943, a general definition for the use of 
the term ionic liquid was introduced,3 stating that the term ionic liquid can be used if the product 
consists entirely out of ions and the melting point is below 100 °C where this last criterion was chosen 
arbitrarily. Ordinary kitchen salt (NaCl) melts at 801 °C and was referred to as being a molten salt 
instead of an ionic liquid. Not so long ago, it became clear that this definition should not be followed to 
strictly, since salts melting at e.g. 150 °C can also have their use in certain applications. 
 
To obtain these low melting salts, a combination of various organic cations and organic or inorganic 
anions is mainly used nowadays. By synthesizing ion pairs consisting of bulky and asymmetric cations 
and anions, the formation of a tightly packed crystal structure is hampered. An additional lowering of 
the melting point is provided by the use of ions with large charge dispersion to diminish interactions 
between cations and anions. Theoretically speaking, over 1018 different ionic liquids could be 
synthesized in this way, but in reality this number will be a lot lower. 
 
Most of the ionic liquids that are known and also commercially available nowadays, are based on 
imidazolium cations, while other regularly occurring cations include (cyclic) ammonium, phosphonium, 
sulfonium and pyridinium structures. A lot of different anions are then combined with these cations: 
[Cl]-, [Br]-, [I]-, [NO3]-, [BF4]-, [PF6]-, [N(CN)2]-, [NTf2]- (= [N(SO2CF3)2]-, bis(trifluoromethylsulfonyl)imide), 
[FN(SO2CF3)]-, [CH3CO3]-, [CH3SO4]-, [p-CH3C6H4SO3]-, … as depicted in Figure 1. Each of the 
different combinations of these cations and anions can produce ionic liquids with different properties. 
Sulfonium ionic liquids are generally known for their very low viscosity, while a drawback of these salts 
is found in a lower stability e.g. because of ylide formation. (Cyclic) ammonium ionic liquids on the 
contrary are generally quite stable, thermally and electrochemically. Phosphonium based salts 
possess a very good stability but unfortunately also a very high viscosity. Zhang et al. compiled 
physicochemical data on a whole range of ionic liquids in 2005.4 
 
The general properties of an ionic liquid, as listed in the previous paragraph, can be influenced by 
introducing functionalities in the cation or anion, each with their own pros and cons. Ether 
functionalized cations provide a lower viscosity but also lower the thermal and electrochemical stability 
for the resulting ionic liquid. Carboxylic acid functionalized ionic liquids possess the ability to dissolve 
large amounts of metal (hydr)oxides. However, their stability against reduction in electrochemical 
applications is rather poor thus limiting their use in e.g. batteries and electrochemical deposition.5 Ionic 
liquids containing a cyano group bound directly to the cation are interesting salts because they 
possess a high electrochemical stability and they can interact with various metal ions.6,7 A drawback of 
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the nitrile functionality, however, can be an increased viscosity due to hydrogen bonding with the 
cyano group, compared to their non-functionalized analogues.8 
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Figure 1: Some of the frequently used cations and anions in ionic liquid synthesis. 
 
Besides their low melting point and good stability, ionic liquids possess some other characteristics that 
are very interesting regarding their use in (industrial) chemical reactions and processes. Low vapour 
pressure and concomitant non-flammability provide a safe alternative for their use as chemical 
solvents at a large scale, while high conductivity is interesting for electrochemical applications such as 
battery electrolytes. The combination of these properties with the aforementioned very good stability of 
ionic liquids makes them very interesting for a myriad of applications. 
 
The applications of ionic liquids are not only restricted to the use on a laboratory scale. Nowadays, 
there are several industrial processes that make a very beneficial use of ionic liquids. One of the major 
examples of a successful integration of ionic liquids is provided by the BASIL 
(Biphasic Acid Scavenging utilizing Ionic Liquids) process, developed by BASF for the production of 
phosphines (Scheme 1). During this reaction, a large amount of HCl is generated that has to be 
neutralized in situ. This used to be done with triethylamine, which caused problems due to increase in 
viscosity and need of filtration steps. Nowadays, the acid scavenging is done with methylimidazole 
which is converted into the ionic liquid methylimidazolium chloride 17. This ionic liquid is not miscible 
with the reaction product and the two resulting phases can be easily separated, while the 
methylimidazole can be regenerated from the chloride salt. The easy work-up, combined with the fact 
that the ionic liquid works as a nucleophilic catalyst, provided an 80.000-fold increase in reaction rate.9 
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Scheme 1: BASIL process for production of phosphines 16.8 
 
In an effort to develop a method for ionic liquid synthesis producing no halide and silver waste by side-
stepping a metathesis reaction of halide-based ionic liquids, BASF has come up with another very 
successful application of ionic liquids. The CBILS process, Carbonate Based Ionic Liquid Synthesis, 
starts from hydrogen carbonate based ionic liquids that can be converted into other ionic liquids by 
adding an organic acid with the formation of the new ionic liquid together with CO2 and water, both of 
which can be easily removed (Scheme 2). The anion exchange can also be performed with 
ammonium or Ca-salts if the free acid is unstable.10 
 
 
Scheme 2: CBILS process as developed by BASF. 
 
Apart from these innovative and versatile synthetic methods for the production of a wide variety of 
ionic liquids, there are a lot of other smaller scale applications. An interesting property of ionic liquids, 
containing anions with good hydrogen bonding properties such as [Cl]- or [CH3COO]-, is their ability to 
dissolve cellulose.11 Nowadays, cellulose is treated through the viscose rayon process with NaOH and 
CS2 which produces a considerable amount of waste. Via dissolution of cellulose in ionic liquids, it can 
be modified without the need for harsh reaction condition. After chemical modification of the fibers, 
they can be regenerated from the ionic liquid by adding water to the mixture, initializing crystallization 
and leading to an easy recovery of modified cellulose. 
 
Another application of ionic liquids that is used regularly comprises biphasic catalysis using a solvent 
mixture of ionic liquid and an non-miscible organic solvent. The catalyst for the reaction is dissolved in 
the ionic liquid phase and the reactants in the organic phase, when upon heating both phases mix 
together and the reaction starts. When the conversion of reactants is complete, the mixture is cooled 
and the product is located in the organic phase, while the catalyst can be regenerated together with 
the ionic liquid for subsequent reaction cycles. An example of biphasic catalysis is provided by Jin et 
al. who used this biphasic system as in Figure 2 for a Heck reaction using a nanoparticle Pd-catalyst.12 
Various other examples can be found in literature. 13,14,15,16 
 
Introduction and Goals 
 4 
 
Figure 2: Reaction setup for biphasic Heck reaction of aryl halides and various terminal 
alkenes.12 
 
Not only chemical use and stability of the ionic liquid is of importance, electrochemical stability is 
required for another branch of applications of ionic liquids. Due to the non-volatility and -flammability, 
combined with an excellent electrochemical stability, ionic liquids are of interest to replace electrolyte 
solutions in e.g. batteries.17,18  
 
Electrodeposition of metals on various surfaces is done from aqueous solutions of electrolytes. The 
surface that has to be coated is used as the cathode, while the anode, made from the metal that has 
to be deposited, serves as a sacrificial electrode which is being oxidized and dissolved in the 
electrolyte solution. These electrodeposition setups are hampered by the fact that the stability limits of 
the solvent used, in casu water, are not big enough for the deposition of some metals such as 
aluminum. Therefore, ionic liquids provide an alternative for the electrodeposition of the metals from 
solution due to their large electrochemical window (Figure 3) and good dissolution of various metal 
species with regard to water.19,20,21 
 
 
Figure 3: Application window of ionic liquids in electrodeposition. 
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In the context of the MAPIL (Material Processing in Ionic Liquids), the synthesis of a new class of ionic 
liquids with a good electrochemical and thermal stability was envisaged. The main goal of this doctoral 
thesis consists of the development of new azabicyclic skeletons that could improve on the existing 
quaternary ammonium ionic liquids. 
 
The basis of this new ionic liquid structure is formed by a 7-azabicyclo[2.2.1]heptane compound. The 
synthesis of these ionic liquids will start from a substituted cyclohexanon derivative, where the 
synthesis can be based on an earlier developed method towards the synthesis of epibatidine 18 
analogues at our research group (Figure 4, Scheme 3). The thus formed azabicyclic structure will be 
transformed into a myriad of different ionic liquids (Figure 5), where the side chains on the nitrogen 
atom will be varied to investigate the influence of the ionic liquid substitution pattern. 
 
 
Figure 4: Epibatidine.  
Figure 5: General structure of new 7-
azoniabicyclo[2.2.1]heptane ionic liquids. 
 
 
Scheme 3: Outline of 7-azabicyclo[2.2.1]heptane synthesis. 
 
The general structure 19 of the new ionic liquids was chosen for several reasons. Firstly, the stability 
of cyclic quaternary ammonium ionic liquids is generally rather high. One of the main mechanisms 
behind the degradation of this type of ionic liquids is found in the Hofmann elimination. This reaction 
causes the breakdown of quaternary ammonium species into a tertiary amine and an alkene under 
influence of a base that will abstract one of the β-hydrogen atoms of one of the side chains. However, 
in this bicyclic structure, the Hofmann degradation is thought to be rendered impossible to occur on 
the bicyclic skeleton itself. The reasoning behind this can be found in Bredt's rule which states that the 
formation of a double bond (or an sp2 carbon in that extent) on one of the bridgehead carbon atoms is 
highly unfavourable on medium sized bicyclic ring systems. Furthermore, through the synthesis of 
ionic liquids 19 with two alkyl chains, the formation of a strong crystal lattice was thought to become 
hampered due to the asymmetric nature of the cation as was mentioned previously. The general 
properties of the resulting ionic liquids 19 will be thoroughly examined. 
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Little is known on these bicyclic cations. Most of them are based on bridged nitrogen containing 
heterocycles, such as DABCO, quinuclidine and azabicyclononane moieties.22 Other examples are 
based on a bicyclic imidazolium-based ionic liquid.23,24 The synthesis of the 7-azabicyclo[2.2.1]heptane 
skeleton itself consists of a one-pot reaction, which also introduces a cyano group and thus benefitting 
from the aforementioned advantage of inserting a nitrile functionality into the ionic liquids 19. The 
presence of the same nitrile functionality could also allow its transformation to other functionalities to 
create some TSILs (Task Specific Ionic Liquids). 
 
Nowadays, dicationic ionic liquids are in the center of interest because they seem to possess some 
very interesting properties. It seems that, when combining the "standard" ionic liquid cations such as 
ammonium or imidazoilum moieties together by interconnecting them with an alkyl or ethereal spacer, 
they form ionic liquids that have a very good thermal and electrochemical stability while still retaining 
the basic properties such as good liquidity. In this thesis, the 7-azabicyclo[2.2.1]heptane will be 
evaluated in view of making these dicationic ionic liquids (Figure 6). 
 
 
Figure 6: Dicationic ionic liquids based on the 7-azoniabicyclo[2.2.1]heptane cation. 
 
To be able to introduce some more functionalities, a second route towards 7-azabicyclo[2.2.1]heptane 
derivatives will be evaluated in this doctoral thesis. The Diels-Alder reaction between pyrroles and 
alkynes had been employed before for the synthesis of epibatidine and epiboxidine. Through the 
modification of the resulting Diels-Alder adducts, the synthesis of ionic liquids based on a 1,4-dialkyl-7-
azoniabicyclo[2.2.1]heptane skeleton 23, containing some more functional groups on the cyclohexane 
ring, will be evaluated (Scheme 4). 
 
 
Scheme 4: 1,4-dialkyl-7-azoniabicyclo[2.2.1]heptane ionic liquids 23 via a Diels-Alder approach. 
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A last part of this thesis will consist of an attempt to synthesize new sulfonium ionic liquids based on 
the same bicyclic skeleton. Sulfonium ionic liquids often suffer from the formation of ylides via a 
deprotonation of one of the α-hydrogen atoms. To try to reduce this vulnerability, the synthesis of 1,4-
dialkyl-7-thioniabicyclo[2.2.1]heptane ionic liquids 26, which starts with a Diels-Alder reaction between 
activated thiophenes and various alkenes, will be evaluated (Scheme 5). 
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Scheme 5: 1,4,5,6-tetraalkyl-7-thioniabicyclo[2.2.1]heptane ionic liquids 26 
via a Diels-Alder approach. 
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2.  Literature overview 
 
2.1. (Electro)chemical stability of ionic liquids 
 
2.1.1.  Introduction 
 
Ionic liquids receive a great deal of attention nowadays because of some very interesting properties: 
(1) good solubility of various organics and catalyst complexes; (2) non-flammability; (3) the lack of 
volatility which allows a much broader and safer use of these salts compared to the traditional organic 
solvents and (4) a wider liquid range than the most used solvents. Not only the thermal stability is of 
great importance: when considering ionic liquids for e.g. application as catalysts in organic reactions or 
as solvents for electrochemical applications, the (electro)chemical stability is an important issue. One 
of the great advantages of ionic liquids consists of their recyclability so it is of paramount importance 
that no side reactions or degradation of the ionic liquids occur during their use.  
 
A lot of research is being done regarding the (electro)chemical stability. Not only the recording of 
electrocyclic voltammograms and comparison of the resulting electrochemical windows but also the 
chemical stability towards several types of reagents (such as bases) are currently under investigation. 
Besides characterizing these properties, the underlying degradation mechanisms are being 
investigated. This review will provide an overview of the current knowledge on the (electro)chemical 
stability of ionic liquids up to now. 
 
2.1.2. General influence of measurement conditions 
 
Electrochemical stability of ionic liquids is usually expressed by the width of their electrochemical 
window i.e. the difference in voltage between oxidation and reduction potentials of the ionic liquid. The 
size of the electrochemical window is reported via the limit potentials related to a reference which is 
most often Fc/Fc+,25,26 but can also be Li/Li+ (in battery applications)27 or even Ag/Ag+,28 but it is 
independent of the reference used during these measurements. The limit potentials are given by the 
potential at an arbitrary chosen cut-off value, most of the time between 0.01 and 1 mA.cm-2.27,29,30,31,32 
The choice of this cut-off value can influence the width of the window by a value of no less than 0.9 V 
as can be seen in Table 1. 
  
The most important parameter is the type of working electrode, which is affecting the reaction, and to a 
lesser extent, the scan rate used which influences the response of the current on the applied 
potential.33 The electrodes that are generally used are made from platinum, glassy carbon (GC) or 
tungsten. Platinum electrodes allow a fast kinetic at the electrode, probably caused by a catalytic 
effect on the degradation processes, which implies that they will respond more rapidly to impurities 
such as water than e.g. GC electrodes.34 Tungsten electrodes were found to be even more inert than 
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those of glassy carbon, leading to a very wide electrochemical window. On the other hand, gold 
electrodes lead to a decrease in cathodic stability limits, while both an increase and decrease of the 
anodic limit have been reported.35,36 Hence, the cathodic window is generally wider in the order W ≈ 
GC > Pt ≈ Au. The anodic limit decreases in the order GC > W ≈ Pt. Apart from the material, a clear 
influence of the electrode set-up was shown. On a rotating disc electrode (RDE), the current increased 
for higher rotation speeds in [C2mim][BF4], while this was not observed in the more viscous 
[C2mim][PF6]. This indicates the importance of ionic liquid viscosity and its effect on the speed of 
diffusion of degradation products.34,35 
 
Table 1: Electrochemical windows of ionic liquids measured on a platinum electrode at 295K.37 
IL ∆V at j = 1 mA.cm-2 ∆V at j = 5 mA.cm-2 
[P14,6,6,6][Tf2N] 5.4 5.4 
[C4C1pyrrol][Tf2N] 4.2 4.2 
[C6mim][FAP]a 4.6 4.8 
[C4mim][Tf2N] 4.3 5.0 
[C4m2im][Tf2N] 4.7 5.2 
[N6222][Tf2N] 4.7 5.4 
[C4mim][PF6] 4.8 5 
[C2mim][Tf2N] 4.2 4.6 
[C4mim][BF4] 4.6 5.1 
[C4mim][I] 2.0 2.2 
[C4mim][OTf] 4.2 5.1 
[C6mim][Cl] 3.0 3.3 
a
 Trifluorotris(pentafluoroethyl)phosphate 
 
Most often, electrochemical analyses are performed at elevated temperatures in order to work above 
the glass temperature (Tg) of the ionic liquid and to reduce its viscosity. Hence, electrocyclic 
voltammograms (ECVs) are frequently recorded in the temperature range 50 to 100 °C. However, it 
was experimentally demonstrated that increasing the work temperature will contract the 
electrochemical window, as the Nernst equation reveals. Thus, the ECV contraction of [C3m2im][Tf2N] 
and [C3m2im][Me] (with [Me]: tris(trifluoromethylsulfonyl)methide), going from 20 °C to 80 °C was 
compared with an experiment at 240 °C, revealing that thermal degradation of ionic liquids cannot be 
ignored in these experiments.38 The stability is influenced by the amount of impurities in the ionic 
liquids and, although water decreases the viscosity and increases the conductivity of the solvent,39,40 
the electrochemical window is narrowed on both cathodic and anodic side due to a catalytic activity of 
water.26,37 Thus, it was found that the [C4mim][BF4] electrochemical window decreased by more than 
1.5 V due to the presence of 3 wt% H2O and for [C4mim][PF6] with 2.0 V by a water content of 12 wt% 
as compared to the dry ionic liquids.41 Bonhote et al. observed a reduction peak of water in 
[C2mim][CF3CO2] in the vicinity of -1.0 V (vs. I-/[I3]-),42 while Howlett et al. observed a peak at -2.5 to 
-2.75 V (vs. Fc/Fc+) in [C3C1pyrrol][Tf2N], which was influenced by changing the water content.26 Halide 
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impurities can also be oxidized at potentials higher than the anodic limit.28,43
 
Villagrán et al. 
demonstrated that [Cl]- is oxidized to [Cl3]- at +0.86 V (vs. Ag), which is further oxidized to form 
molecular chlorine (at +1.35 V), while the authors do not exclude reaction of the chloride with the gold 
electrode.28 In other experiments, it was found that the oxidation of bromide proceeded at room 
temperature, while chloride could only be completely removed at a temperature of 80 °C.43 The 
electrochemical activity of both water26 and halides28 can be exploited for quantitative measurements 
of the impurities. Moreover, the lower oxidation potential of halides compared to e.g. [BF4]- and [NO3]-, 
allows their complete removal (hence metathesis).43 Randström et al. measured a decrease of 
cathodic stability when the ionic liquid was exposed to a dry air atmosphere compared to the 
degassed IL,44 hence, the presence of air components such as oxygen and carbon dioxide can also 
influence the voltammograms of ionic liquids, as is reviewed by Silvester and Compton.45 Finally, the 
dilution of ionic liquids in molecular solvents was found to further decrease the size of the ECV.27 
 
2.1.3. General influence of ionic liquid composition 
 
Both cation and anion generally play an important role in the electrochemical window of ionic liquids. 
This is a direct result of the presence of both an anode and cathode where respectively oxidation and 
reduction reactions can take place. However, linear sweep voltammograms of [C2mim]+ and [C3C1pip]+ 
combined with the N,N-trifluoromethylsulfonyl-(pentafluoroethylsulfonyl)imide ([C1C2]-) and [Tf2N]- 
anions revealed that both reduction and oxidation of the imidazolium cations occurred independent on 
the anion, while the oxidation and reduction limits of the piperidinium ionic liquid are clearly dependent 
on the anion. This indicated that, firstly, the [C1C2]- anion is more easily reduced at the cathode than 
[Tf2N]- and [C3C1pip]+, and secondly, imidazolium cations can be oxidized at the anode. This reveals 
the possible reduction of negatively charged species and oxidation of positively charged species, but 
more importantly, it also reveals the vulnerability towards reduction of the imidazolium cation.46 
 
Different papers collect the electrochemical windows of numerous ionic liquids and should be 
consulted for comparative studies.47 ,48 A short overview of different ionic liquid types and analogues is 
given in Table 1. 
 
2.1.3.1. Cationic core 
 
A clear increase in both oxidative and reductive stability is observed when comparing the cyclic 
quaternary ammonium salts such as piperidinium and pyrrolidinium cations with imidazolium salts. In 
the cyclic and aliphatic series, the [Tf2N]- salts with [C3C1pip]+ cations possess a slightly wider 
electrochemical window than the pyrrolidinium [C3C1pyrrol]+ and ammonium [N2222]+ salts.49 Since 
[N1113][Tf2N] was found to be slightly less stable than the piperidinium [C3C1pip][Tf2N] salt50 and the 
ECV of [C4C1pyrrol] to be about 0.5 V greater than [N6222][Tf2N],51 it is possible to conclude that the 
cyclic tetraalkyl ammonium salts are in general more stable than their acyclic analogues. Moreover, a 
new class of the seven-membered azepanium ionic liquids (i.e. [C4C1azp][Tf2N]) was reported 
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recently, for which ECVs of 1.0 V wider than [C4C1pyrrol][Tf2N] have been measured.52 Besides an 
improved cathodic stability, cyclic quaternary ammonium [RFBF3]- (perfluoroalkyltrifluoroborate) and 
[Tf2N]- salts also display an increased stability against oxidation as compared to ionic liquids 
containing an imidazolium cation. In the aromatic series, which are in general more easily reduced due 
to the presence of vacant pi*-orbitals,52 it was found that imidazolium salts are more resistant towards 
reduction than pyridinium-based cations, although having a weaker resistance against oxidation.53 The 
weak oxidative resistance of imidazolium ionic liquid is reflected by the absence of response in the 
anodic limit potential on replacing the anion from [C1C2]- to [Tf2N]- (vide supra) or from [BF4]- to 
[C2F5BF3]- or [Tf2N]-.31 
 
In general, the cathodic stability of cations decreases in the order piperidinium ≈ pyrrolidinium ≈ 
ammonium > imidazolium > pyridinium. The cathodic limit potential of aliphatic nitrogen containing 
cations can generally be situated in the range -3.0 to -3.5 V (vs. Fc/Fc+), while for the aromatic 
species, limit potentials of approximately -2.5 V (vs. Fc/Fc+) are observed. Of course, there are 
exceptions on this general rule, e.g. the ether containing N,N-(2-methoxyethyl)-methylmorpholinium 
and N,N-(2-methoxyethyl)-methyloxazolidinium are two of a few quaternary ammonium cations being 
reduced at a more positive potential than the ethylmethylimidazolium cation.31 
 
Recently, tertiary sulfonium cations in combination with the [N(SO2F)2]- anion have been investigated. 
Although the alkylated sulfonium salts provided ECVs of 4.5 to 4.8 V, the cathodic limit potentials were 
found to be more positive than those of imidazolium cations.54 Also phosphonium ionic liquids have 
gained interest in electrochemistry. For the [P2225][Tf2N] ionic liquid an ECV of approximately 6.2 V was 
measured on GC, which is wider than the ECV of quaternary ammonium salts.55 The tri(n-
hexyl)tetradecylphosphonium salts ([P14,6,6,6]+) with the [FAP]- and [Tf2N]- anions also showed better 
electrochemical performance than [N6222][Tf2N] on a platinum electrode, while at a gold electrode, a 
slightly better stability was measured for the quaternary ammonium salt.56,57 
 
2.1.3.2. Substitution pattern 
 
Conboy et al. found the increment of the chain length of [CnC1im][Tf2N] salts to significantly increase 
the cathodic stability.58 The same was observed by increasing the chain length of [CnC1pip][Tf2N] salts, 
while the anodic limit potential remained constant.59 However, replacing the methyl substituent by an 
ethyl substituent ([CnC2pip][Tf2N]), reduces the cathodic stability. Therefore the following conclusions 
can be made: firstly, reductive degradation is likely to involve the removal of the alkyl chain, and 
secondly, the cathodic stability is directed by two effects, namely the shielding of the cation and an 
inductive stabilization of their respective cations. Upon investigation of the electrochemical windows of 
the [Tf2N]- salts of [NHHH2]+, [NH222]+, [N1113]+ and [N5555]+, Tatsumi et al. observed a higher stability 
towards reduction upon a decrease of the number of available protons. However, no significant 
difference was apparent between the alkylated species [N1113]+ and [N5555]+.60  
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Passerini and coworkers investigated the influence of the chain length in N,N-alkylmethylpyrrolidinium 
bis(trifluoromethylsulfonyl)imide salts ([CnC1pyrrol][Tf2N]). A small increase in the cathodic limit 
potential was observed when the n-butyl alkyl chain was replaced by the isobutyl moiety, although the 
current density of 1.0 mA.cm-² was exceeded at approximately the same potential. The increase of 
stability was attributed to the increased inductive electron donating property of the side-chain. The 
stability of the N,N-sec-butylmethylpyrrolidinium analogue [Csec4C1pyrrol][Tf2N] was significantly 
reduced with over 2.5 V (vs. Ag). This confirms that the cathodic stability is limited by the cleavage of 
the C-N bond.61 
 
The smaller reductive stability of 2-H-imidazoles is related to the acidity of the C2 proton and will lead 
to formation of carbenes (see cation degradation mechanisms).42 Upon methylation of the C2 position 
of [C2mim][Tf2N] an increase in cathodic stability of approximately 0.2 V was measured on Pt,42 while 
Gifford et al. found the aluminium chlorides of 1-ethyl-2,3-dimethylimidazolium [C3m2im]+ to have a 
window of 0.5 V (on Pt) and 0.35 V (on GC) wider than those of 1-ethyl-3-methylimidazolium 
[C2mim]+.62 Stevens et al. synthesized persubstituted imidazolium salts and showed their stability to be 
0.5 V greater than for their 2-H-substituted counterparts.63 
 
The recent interest of incorporating alkoxy and unsaturated side chains in the cation core increases 
the importance of knowledge of the behaviour of these moieties in electrochemical applications. Ether 
functionalities are often included to decrease the viscosity or to ameliorate metal complexation in the 
ionic liquid. Tatsumi et al. presumed that the substitution of an alkyl chain with the isoelectronic ether 
chain might increase the cathodic stability of the positive nitrogen atom, by interactions of the lone-pair 
electrons of the oxygen with the positive nitrogen. On the contrary, this interaction was found to 
decrease the cathodic stability of the ether functions and hence of the overall cation due to a decrease 
in electron density of the oxygen atom. This reduction of the cathodic stability was found to be more 
pronounced for the smaller cations (i.e. butyltrimethylammonium [N1114]+ vs. 2-
methoxyethyltrimethylammonium [N111(1O2)]+, Table 2), since these smaller cations have a higher 
charge density.60 
 
Table 2: Electrochemical windows of quaternary ammonium ionic liquids, containing ether 
functionalities, in Volt (V) at room temperature vs. Fc/Fc+ at GC-electrode.60 
IL Vcat Van ∆V 
[N1114][Tf2N] -3.35 2.50 5.85 
[N1224][Tf2N] -3.44 2.25 5.69 
[N111(1O2)][Tf2N] -2.71 2.36 5.07 
[N112(1O2)][Tf2N] -3.13 2.35 5.48 
[N122(1O2)][Tf2N] -3.33 2.34 5.67 
 
The effect of the incorporation of ether functionalities was also investigated for the cyclic ammonium 
salts, where the incorporation of the methoxyethyl substituent instead of butyl was found to decrease 
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the cathodic stability (at GC) as well. In piperidinium, pyrrolidinium and morpholinium ionic liquids, this 
substitution caused a drop in stability of 0.4 V, while in oxazolinium ionic liquids the difference in 
stability even amounted to 1.0 V. Changing the methoxyethyl for a methoxymethyl group resulted in a 
minor increase in cathodic stability. The lower stability of the morpholinium and oxazolinium species as 
such, reveals the vulnerability of ether functionalities incorporated in the heterocyclic ring.32 The lower 
electrochemical stabilities of both ether functionalized aliphatic N-heterocyclic rings and ether 
functionalized aliphatic side chains (in non-cyclic quaternary ammonium salts as well)60 demonstrate 
the faster reduction of the ether functionality compared to the positively charged nitrogen atom.32 Only 
methoxyethoxyethyl side chains were found to decrease the viscosity without reducing the cathodic 
stability, however the anodic limit potential was less positive, indicating that the methoxyethoxyethyl 
moiety is more easily oxidized than other alkoxy substituents.25 Introduction of ether functionalities in 
the side chains of imidazolium cations does not seem to affect the cathodic or the anodic limit 
potential. Hence, although ether functionalities lead to preliminary reduction, the imidazolium ring is 
more readily reduced.64 The introduction of ether functionalities in phosphonium dicyanamide and 
bis(trifluoromethylsulfonyl)imide ionic liquids has led to a decrease in both anodic and cathodic 
stabilities on GC, but to such a small extent that the resulting ECVs are still as wide as those of 
tetraalkylammonium salts.65,66 It is noteworthy that the voltammograms of ether functionalized 
phosphonium salts show a current shoulder near the anodic limit potential. This current could not be 
attributed to the presence of water and is most likely caused by the methoxy substituents.65 
 
Several [Tf2N]- salts of ammonium cations bearing allyl groups were investigated by Kim et al. (Table 
3). The electrochemical window was shifted to lower potentials when substituting one propyl group of 
[N1133]+ by an allyl group, while the total window remained approximately the same. Substituting the 
two propyl groups ([N11AA]+), increases the ECV with 0.8 V. Substitution of one of the allyl groups with 
the MOM ether ([N11A(1O1)][Tf2N]) reduced the anodic window with 0.8 V.67 The introduction of 
unsaturated bonds in the phosphonium ionic liquid with the tri(ethyl)pent-4-enylphosphonium cation 
([P222(Pe)][Tf2N]) was found to decrease the anodic stability slightly, while the cathodic limit remained 
the same as for [P2225][Tf2N].65 
 
Table 3: Electrochemical windows of quaternary ammonium ionic liquids, containing alkenyl 
groups, at room temperature vs. Li/Li+ at GC-electrode.67 
IL Vcat Van ∆V 
[C2mim][Tf2N] 0.75 5.21 4.46 
[N1133][Tf2N] 0.66 5.78 5.12 
[N113A][Tf2N] 0.46 5.59 5.13 
[N11AA][Tf2N] 0.51 6.43 5.92 
[N11A(1O1)][Tf2N] 0.50 5.61 5.11 
 
Incorporation of different functional groups in sulfonium ionic liquids such as cyano, ether and ester 
groups was found to decrease the cathodic stabilities. The reduction of the functional group itself at a 
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less negative potential than the positively charged sulfur or the increased acidity of the protons on the 
alkyl side-chain, making them prone to β-elimination, might both be responsible for this reduced 
cathodic stability. However, cyano and ester functionalities seem to improve on the anodic stability of 
the sulfonium ionic liquids.49 
 
2.1.3.3. Anion stability 
 
In anions, substitution of [BF4]- by [PF6]- is found to lead to oxidation potentials of about 1.0 V higher.36 
The [PF6]- anion, however, is shown to be less stable against oxidation in the [C3C1C1im]+ ionic liquid 
than [AsF6]-, [Tf2N]- and the [Me]- anions (Table 4). The oxidation stabilities were found to be higher at 
platinum and lower at tungsten electrodes. Matsumoto et al. have studied a series of [C3C1pip]+ and 
[C2mim]+ salts with the [Tf2N]-, [N(SO2F)2]- and N,N-(trifluoromethylsulfonyl)trifluoroacetylimide 
([TSAC]-) anions. In combination with both cations, the anodic stability was reduced in the order [Tf2N]- 
> [N(SO2F)2]- > [TSAC]- each time with 0.1 V. Although the cathodic limit potential remained constant 
for the imidazolium salts, a reduction of cathodic stability was observed in the same series of anions in 
combination with the [C3C1pip]+ cation. This proves the higher reductive stability of the latter cation 
compared to the anions.31 In the series [N(SO2C2F5)2]- ([Beti]-), [N(SO2F)2]-, [NTf(SO2F)]- and [Tf2N]-, 
the bis(trifluoromethylsulfonyl)imide anion was found to be the most stable.29,49  Morpholinium, 
pyrrolidinium and piperidinium methyl and ethylsulfate ionic liquids all exhibited wide electrochemical 
windows of at least 4.5 V, which is wider than those of the imidazolium containing ionic liquids. The 
oxidation of the methylsulfate and ethylsulfate occurs at an anodic potential of 1.53 V vs. Fc/Fc+.68 At 
this point the anions will decompose in an aldehyde, sulfur trioxide and a proton.69  
 
Table 4: Oxidation potentials of [C3m2im]+ containing different anions vs. Li/Li+ at different 
working electrodes (1 mA.cm-2) at 80 °C.38 
A- GC W Pt 
[PF6]- 4.94 4.72 5.00 
[AsF6]- 5.05 4.75 5.10 
[Tf2N]- 5.06 5.16 5.13 
[Me]- 5.34 5.35 5.35 
 
2.1.4. Cation degradation mechanisms 
 
As already mentioned in the previous section, a major concern regarding the stability of imidazolium 
salts in (electro)chemical applications is the C2-proton. When an imidazolium ionic liquid, 
[C4mim][BF4], was submitted to a continuous electrolysis, two phases were formed at the cathode, a 
bottom opaque red and an upper clear red phase. The bottom layer consisted of unreacted starting 
material while the upper clear phase did not seem to contain any traces of fluorinated product, so this 
will most likely contain neutral species resulting from electrochemical reduction of the ionic liquid. 
When analysing this upper phase by NMR, the only alteration on the imidazolium ring was observable 
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at the C2-position with loss of aromaticity, suggesting that first the neutral radical 30 will be formed, 
which does not decompose and will remain mainly on the C2-position due to the loss of resonance 
possibilities,70 and will subsequently convert into carbene 31 and hydrogen gas (Scheme 6). This 
carbene can exist in the ionic liquid phase if the N-substituents are suitable.71 Otherwise, it will react 
further through formation of dimers or reaction with imidazolium species to form a compound with a 
saturated C2 carbon. Furthermore, during the anodic reaction, white fumes were formed. After 
condensation in Et2O, these species were identified to be BF3 and CF4, which is probably originating 
from reactions between F2-gas and the carbon cation.72  
 
 
Scheme 6: Reduction of [C4mim] cation 29 through radical and carbene formation.69,71 
 
 
Scheme 7: Dimer formation, disproportionation and cage-like structure formation of [C4mim] 
radical.70 
 
The formation of the C2-radical is confirmed by Witkamp et al,70 who studied the decomposition 
mechanisms of [C4mim][BF4] through quantum chemical calculations. As mentioned above, the 
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resulting [C4mim]-radical 30 can undergo different reactions. From their calculations, they observed 
that the two most probable reaction pathways are the formation of dimer 32 through coupling of two 
unpaired radicals and the disproportionation reaction forming two neutral species 33 and 34. A third 
possibility, however unlikely, is the formation of cage-like structure 35 through the reaction of the 
radical with the double bond of the imidazolium ring system (Scheme 7). Experimental setup 
confirmed through NMR-analysis that the disproportionation reaction occurs during degradation and 
that the cage-like structure was indeed not formed.70 
 
Chemical degradation of the imidazolium cation is also greatly influenced by the presence of a proton 
on the C2-position of the imidazole ring. This proton is quite acidic and can undergo deuterium 
exchange even in neutral media if the anion is sufficiently basic e.g. [N(CN)2]-.73 In the presence of 
bases, deprotonation will occur even faster,74 forming N-heterocyclic carbenes (NHCs) which open up 
possibilities to use imidazolium ionic liquids e.g. as ligands in organometallic reactions75 and the ability 
to synthesize new C2-alkylated imidazolium species.76 Makaroff et al. investigated the degradation of 
7-methylguanosine (containing an imidazolium species) under influence of hydroxide anions. They 
found that hydroxide performs a nucleophilic addition at the C2-position of the imidazolium ring, after 
which this will ring-open to a β-aminoformamide derivative 38 or 39(Scheme 8).77  
 
N
N
R
R'
OH
N
N
R
R'
N
N
R
R'
OH
H
H
OH
N
NH
R'
N
NH
CHO
R
CHO
R
R'
36
37 38
37 39
 
Scheme 8: Degradation of imidazolium species to β-aminoformamides 38 and 39 under 
influence of hydroxide.77 
 
These findings were also confirmed by Nyulászi et al. who investigated the hydrolysis of these 
carbenes and also acquired the β-aminoformamides78 and by Elabd et al. who investigated the stability 
of polymerized imidazolium ionic liquids.79 Wasserscheid et al. investigated the structural identity of 
ionic liquid [C4mim][OH] and concluded that this hydroxide-based ionic liquid is not stable as an ionic 
liquid itself, but can be used as an aqueous solution of low concentration where the hydroxide anion is 
sufficiently solvated to inhibit the formation of the corresponding carbene. Maschmeyer et al. 
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described the behaviour of [C2mim][OH] 40 (Scheme 9)80 on the basis of results published by Xing et 
al.81 
 
 
Scheme 9: Behaviour of pure and diluted ionic liquid [C2mim][OH] 40 as described by 
Maschmeyer et al., based on results by Xing et al.81 
 
Based on ab initio calculations, Nyulászi et al. have proposed three different viable ion pair isomers for 
the 1,3-dialkylimidazolium, which are dependent on the anion basicity (Scheme 10).82 Thus, 43 was 
optimized for [Tf2N]-, [CF3SO3]-, [Cl]-, [AcO]-, [CN]-, and neutral species 44 and 45 for [AcO]-, [CN]-, 
[CH3O]-, [OH]- (cfr. Schemes 8 and 9). The calculated results demonstrate that the dissociation of the 
ionic liquids with the least basic anions 43 is very endothermic, while a high exhibited energy for the 
adduct with saturated C2 45 as compared to the carbene isomer 44 was observed. This indicates that 
on the one hand, the [C4mim][Tf2N] ion pair is far more stable than the isolated 1-butyl-3-
methylimidazol-2-ylidene and bis(trifluoromethylsulfonyl)imine pair, while on the other hand the 
[C4mim][AcO] ion pair can occur in all three isomer forms, and more important, for the basic ionic 
liquids, e.g. [C4mim][OH], the carbene-acid pair is more favourable.  
 
 
Scheme 10: Conceivable ion pairs of 1,3-dimethylimidazolium and 1,2,3-trimethylimidazolium 
are dependent on anion basicity.82 
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The deprotonation energies of 1,2,3-trialkylimidazolium salts were found to be only slightly larger than 
those of 1,3-dialkylimidazolium salts. This implies that a given base will lead to a similar deterioration 
of the analogous ionic liquids. Furthermore, a same rationale was found as for the non 2-methylated 
imidazolium salts, having three possible isomers, dependant on the anion basicity as depicted in 
Scheme 10. Thus, 46 was found for [CF3SO3]-, [Cl]-, [AcO]-, [CN]-, 47 for [AcO]-, [CN]-, [CH3O]-, [OH]-, 
while the adduct 48 was only optimized for the anions [CN]-, [CH3O]-, [OH]-.82 
 
Adding Brønsted acids to these carbenes, protonating the C2-position, also opens up new ways 
towards new imidazolium ionic liquids with the acid residue remaining as the anion.83 Clyburn and 
coworkers succeeded in preserving these carbenes in phosphonium ionic liquids.84 These NHCs are 
both very basic85,86 and nucleophilic.87 On the other hand, the acidity of imidazolium ionic liquids 
makes them well suitable for acid catalyzed reactions, e.g. HMF formation88 and synthesis of 
dihydropyrimidinones and -thiones.89 While in some reactions, e.g. Suzuki- and Heck-reaction, the 
carbene will enhance the reaction, in base catalyzed reactions the formation of these carbenes 
(deprotonated species) leads to a decrease of yield and a loss of ionic liquid due to the occurrence of 
several side reactions initiated by the carbene moiety.  
 
The use of ionic liquids in the Morita-Baylis-Hillman (MBH) reaction, which normally suffers from long 
reaction times, is based on their polarity which enables an increase in reaction rate. However, the 
application of ionic liquids in these reactions always provided a low yield.90 It was found by Mereu et 
al. that the imidazolium ionic liquids used were deprotonated by the base which in turn will react with 
the starting aldehyde, forming adduct 51, resulting in the loss of starting aldehyde and base and 
leading to an irreversible destruction of the ionic liquid moiety (Scheme 11).91 
 
 
Scheme 11: Adduct formation of [C4mim][Cl] 49 with benzaldehyde in the presence of a base.91 
 
Scheme 12 shows some new ionic liquids which have been developed to circumvent deprotonation 
and subsequent loss of ionic liquid. Chu et al. observed the formation of the furfuraldehyde-adduct 
while performing MBH-reactions in [C4mim][PF6] and evaluated the reaction in a C2-substituted 
imidazolium ionic liquid derivative namely [C4m2im][PF6] 52 and obtained improved yields and 
recyclability of the ionic liquid.92 To circumvent the problem of deprotonation on the C2-position, Ryu 
and coworkers assessed the MBH-reaction in triazolium ionic liquids 53 and obtained the desired end 
products in high yield with good recyclability of the ionic liquid.93 Apart from changing the nature of the 
C2-position, Tsai et al. found that the introduction of two bulky side chains, 2-naphtyloxypropyl, on the 
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imidazolium moiety 54 also allows good yields in the Baylis-Hillman reaction while avoiding the 
formation of side products in the reaction.94 Another method for hampering the deprotonation on C2 is 
found in the introduction of alcohol functions in the side chains of the ionic liquid.95 
 
 
Scheme 12: Structure of [C4m2im][PF6] 52, triazolium 53 and naphtyloxypropylimidazolium 
ionic liquids 54 used by Chu, Ryu and Tsai respectively.92,93,94 
 
Mereu et al. also investigated the Horner-Watsworth-Emmons reaction and found that the imidazolium 
ionic liquids suffer from the same drawbacks as the MBH-reactions. They found an alternative in the 
use of alkylated DBU-derived ionic liquids providing good yield and excellent recyclability.91 Davis et 
al. performed Knoevenagel condensations and Robinson annulations in [C6mim][PF6] with crushed 
NaOH and, based on the fact that the carbenes could be isolated when side chains are sufficiently 
bulky,96 they concluded that the reactive species probably consists of the carbene rather than the 
originally added base.97 As reported by Begtrup, the C2 position can be readily methylated by MeI 
after deprotonation with NaH. Upon addition of more equivalents of base, the introduced methyl group 
can be deprotonated and alkylated until the 2-isopropylimidazolium is formed. The latter compound 
shows no tendency towards further alkylation (Scheme 13).98 Therefore, the obtained 
[C4Ciso3mim][Tf2N] ionic liquid 55 bearing an isopropyl group was investigated and shown to be a 
suitable solvent for Grignard reactions upon addition of solutions of MeMgCl and PhMgBr to the 
solvent. It was suggested that the position of the isopropyl proton is preferably perpendicular to the 
ring pi-orbitals, which does not allow for a stabilization of the anion. Experiments with organolithium 
compounds gave only a very modest yield of the addition product, therefore it was proposed that the 
ionic liquid imidazolium ring was lithiated.99 
 
 
Scheme 13: Alkylation of the C2-position of the imidazolium salts.98 
 
Apart from H/D exchange on the imidazolium C2-position and in α-position on the 2-alkyl chain 
deuterium exchange has been observed at position 4 and 5,100 although having a deprotonation 
energy of about 18.1 kcal.mol-1 larger than the deprotonation of the 2-methyl group, which is in the 
same range as deprotonation of the C2 position. While the deprotonation of C2 must inevitably 
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proceed via the formation of a carbene, deprotonation on other positions leads to ylides 
(diazafulvenes) or zwitterions. The proposed mechanism of formation of 4-imidazolylidene metal 
complexes proceeds via an oxidative addition and is promoted by less coordinating anions ([BF4]- < 
[PF6]- < [SbF6]-), while hydrogen bonding anions induce heterolytic cleavage of C2-H bond.101 The 
deprotonation on the N-alkyl groups has not been reported so far. The formation of an ylide structure 
by deprotonation of the N-methyl in the 1,2,3-trimethylimidazolium was found to be 28.1 kcal.mol-1 
larger than deprotonation at the 2-methyl group.82 
 
A viable alternative to imidazolium ionic liquids was found by Wilhelm et al. in the 1,3-dimethyl-2-
phenylimidazolinium [Tf2N] and [PF6] ionic liquids. They performed Baylis-Hillman and Grignard 
reactions in the ionic liquids with good yields and a recovery for both reactions of 93% of the ionic 
liquid. To prove the absence of deprotonation of the ionic liquid in these cases, reactions were 
performed without aldehyde and quenching with D2O after which no deuterium was detected by 1H-
NMR. However, the imidazolinium did not prove to be stable enough for reactions involving strong 
bases such as LDA.102  
 
Decomposition mechanisms of [C4C1pyrrol]+ cation 57 have been examined by Kroon et al. The radical 
formed during reduction of the cation is not stable and will fragment as opposed to the aforementioned 
imidazolium radical. Kroon et al. calculated that there are three possible degradation mechanisms for 
the pyrrolidinium radical.  
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Scheme 14: Calculated and experimentally confirmed decomposition of [C4C1pyrrol] radical.70 
 
The most likely decomposition route, which brings about the best stabilization of the radical, is the 
decomposition into N-methylpyrrolidine 58 and a butyl radical 59. A less likely but still viable option is 
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found in ring opening to the formation of the dibutylmethylamine radical 60. The least likely solution is 
the degradation of the radical to N-butylpyrrolidine 61 and a methyl radical 62 (Scheme 14). To verify 
these results, [C4mpyrrol][Tf2N] was extracted with toluene after electrolysis and the decomposition 
products were analysed. Evidence was found for all the decomposition pathways proposed via 
calculation.70 
 
Chemical degradation of ammonium based ionic liquids has been studied in silico by Pivovar et al. 
They used DFT-calculations to examine the stability of several n-alkyltrimethylammonium hydroxide 
[N111n][OH] ionic liquids 63, however at 160 °C, and examined two main degradation pathways for the 
cation (Scheme 15): Hoffman elimination on the β-carbon (actually on hydrogen) (pathway a) and SN2 
substitution reactions on the α-carbon atom (pathway b). They concluded that the Hoffman 
degradation pathway is the most likely in ammonium ionic liquids but is strongly dependent on the 
alkyl chain length and the substitution pattern of the side chain due to the increasing steric hindrance 
for the abstraction of the β-hydrogen.103  
 
 
Scheme 15: Ammonium hydroxide degradation according to Pivovar et al.103,104 
 
In another study, Pivovar et al. examined a third mechanism, namely ylide formation through α-
hydrogen abstraction (Scheme 15, pathway c) and the presence of an equilibrium between starting 
materials and ylide. The second step is the further degradation of the ylide into NMe3 and CH3OH. To 
prove this pathway, they mixed the ionic liquid with [OD]- and D2O to distinguish between a direct SN2 
substitution and the ylide pathway and, because no deuterated NMe3-species was detected, 
concluded that the ylide pathway plays a crucial role in the degradation of ammonium cations. A good 
solvation of the hydroxide anion is also in ammonium hydroxide ionic liquids of major importance for 
the stability.104 
 
Analogous to the tetraalkyl ammonium ionic liquids, pyridinium ionic liquids form ylides upon 
deprotonation, bearing the negative charge on the alkyl chain, instead of forming the carbene. Ab initio 
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calculations by Nyulászi and coworkers have shown however, that the negative charge of the latter 
species can also be found on the ring carbons. Hence, the delocalisation of the negative charge 
stabilizes this neutral species.105 Furthermore, pyridinium cations can even undergo nucleophilic 
attack on positions 2 or 4 when combined with nucleophilic [OH]-, [CN]- or [NH2]- anions (Scheme 
16).106 The base stability of [C4C1py][Tf2N] was examined by Chan et al. by preparing Grignard 
solutions.107 Completely substituted guanidinium salts have also been synthesized as base-stable 
ionic liquids.108 Recently, Earle and Seddon have proposed pyrazolium and amidinium salts apart from 
(cyclic) ammonium salts as being potent against strong bases.109 
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Scheme 16: Deprotonation of (upper) and nucleophilic attack (under) on the pyridinium 
cation.106 
 
Phosphonium based ionic liquids with four large alkyl chains show a good resistance versus 
deprotonation to a phosphorane species. The reason for this is found in a kinetic stabilization by the 
large and flexible alkyl chains that can shield the reactive α-protons from reactions as opposed to the 
more rigid structure and easy deprotonation of the imidazolium core. This base stability has been 
exploited to prepare stable solutions of Grignard reagentia in phosphonium ionic liquids by Clyburne 
and coworkers. However they found that the stability of the solution is strongly dependent on the 
associated anion, with the decanoate anion providing a good stabilization effect which is thought to be 
provided by the interaction of Mg with oxygen. However, phosphonium ionic liquids do not tolerate 
alkyl lithium solutions. 110,111 
 
Robertson et al. performed several reactions in these phosphonium ionic liquids, e.g. Suzuki-reaction 
and Heck-coupling, and showed that the ionic liquids can be useful to activate carbonyl species. This 
is probably due to the positive charge and the affinity of phosphorus for oxygen and the fact that it can 
adopt a pentavalent structure.112 This was confirmed by Clyburne and coworkers.110 They also 
prepared the Wittig reagent in ionic liquids by using [Ph3PCH2CH3][Br] as the precursor in 
[P14,6,6,6][C9H19COO].110 
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Scheme 17: Decomposition according to Clyburne et al.110 
 
Though the alkylphosphonium ionic liquids did show good compatibility with bases, it was shown that 
the incorporation of an ether moiety in one of the alkyl chains could improve both yield and reaction 
rates. Thus, tributyl-(2-methoxyethyl)phosphonium salt [P444(2O1)][Tf2N] allowed the addition of 
phenylmagnesiumbromide to benzaldehyde to be completed in 5 minutes, while at the same reaction 
conditions in alkylphosphonium ionic liquids systems, completion took 15 minutes. The reaction with 
the more alkaline BuMgBr proceeded as well. The authors also showed that there was a reduction in 
reaction yield if the ether function was inserted on the carbon in alpha-position of the phosphorus, 
probably due to an increase of the acidity of the protons in alpha position in the tributyl(2-
ethoxymethyl)phosphonium [P444(1O2)][Tf2N] ionic liquid. After solvation of the commercial solution and 
evaporation of the THF at 0 °C, the reaction proceeded with only slightly decreased yields.113 
 
2.1.5. Anion degradation mechanisms 
 
One of the most popular anions in ionic liquid chemistry is the bis(trifluoromethylsulfonyl)imide anion 
(commonly known as bistriflimide). These are widely used because they are known to produce ionic 
liquids with a low melting point and low viscosity. However, these anions are not always very stable 
with regard to some of their (possible) applications. 
 
MacFarlane et al. investigated the electrochemical stability of the bistriflimide anion in 
[C3mpyrrol][Tf2N] (Scheme 18). Ab initio calculations of the reaction free energies revealed the most 
probable reduction and oxidation processes: 
 
 
Scheme 18: Reduction and oxidation of bistriflimide anion.26 
 
When performing the electrocyclic experiment, they found three distinct reduction processes which 
seem to originate from the anion reduction, since reduction of the [C3mpyrrol] cation should give a 
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large peak due to the fast decomposition of this species. When carefully examining bistriflimide and its 
reduction product [NSO2CF3]2- 77 they discovered two important features: (1) due to the presence of 
two strong electron withdrawing groups on the nitrogen atom in the bistriflimide anion, the nitrogen 
possesses only a small partial charge which makes the anion more susceptible to reduction and (2) 
the LUMO of the reduced species is mainly situated on the sulfur atoms so the electron will be added 
there, weakening the sulfur-nitrogen bond. This will result in the cleavage of the anion into a nitrogen 
centered radical and an anion (Scheme 19). These two species can be further reduced and the last 
reduction event is associated with the cation reduction (Figure 7).26 
 
 
Scheme 19: Electrochemical degradation of the bistriflimide anion and its reduction 
fragments.26 
 
 
Figure 7: Electrocyclic voltammogram of [C3C1pyrrol][Tf2N] with the reduction potentials.26 
 
Furthermore, in contrast to the previous results, Passerini et al. investigated the cathodic stability of 
[CnC1pyrrol][Tf2N] ionic liquids and found that in the absence of water and air components through 
extensive drying and degassing steps, recording the voltammograms under a flow of argon, ionic 
liquids based on pyrrolidinium cations and bistriflimide anions are stable up to -3.5 to -3.8 V. They 
ascribe the different reduction peaks to reduction of components, especially oxygen, and water 
present in the ionic liquid and the environment of the measurement. The components thus introduced 
into the ionic liquid would be responsible for the [Tf2N] reduction.44,114 While trying to dissolve copper 
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anodically in [C4C1pyrrol][Tf2N], Endres et al. noticed that the ionic liquid became turbid while applying 
90 µA.cm-2 at 90 °C for 12h, opposed to obtaining a clear liquid solution at 25 °C. They recuperated a 
white solid precipitate, which is also formed in the ionic liquid [C2mim][Tf2N]. This species turned out to 
be CuF2, which proves the degradation of the bistriflimide anion (the only source of [F]-) but at the 
same time, they excluded Cu2+ formation at the anode. This suggests that the anodically dissolved 
Cu+ 115 might be able to reduce the [Tf2N]- anion (Scheme 20), as this decomposition of bistriflimide 
was not observed at other anodes (e.g. Ag).116 Cathodic decomposition of bistriflimide into fragments 
as NSO2, CF2 and [F]- was shown by Smith et al.117 They also established the formation of a metal-
fluoride film on a magnesium surface due to the further decomposition of [CF3]- 82 into CF2 and [F]-. 
Working with a lithium electrode, MacFarlane et al. established the presence of fluoride and elemental 
and oxidized sulfur species at the surface of the electrode.118 
 
 
Scheme 20: Cu+ aided decomposition of [Tf2N]-.116 
 
Another common anion used to obtain low viscosity ionic liquids is the dicyanamide anion [N(CN)2]-. 
Electrochemical degradation of this type of anions was reported by Deacon et al. and the plateau 
occurring in the electrocyclic voltammograms was ascribed to a dimerization reaction of the 
dicyanamide anion.119 While studying the electrodeposition of germanium from [C4mpyrrol][N(CN)2], 
Fransaer et al. noticed the darkening of the ionic liquid when passing a current through the solution, at 
the same time forming a yellow film on the germanium anode. Regarding high electrochemical stability 
of the cation and the presence of carbon, nitrogen and oxygen in this film, it is likely that the layer was 
formed due to electropolymerization. They also noticed a broadening of the anodic side of the cyclic 
voltammogram due to the formation of the passivation layer on the anode.120 Stevens et al. also 
observed this widening of the anodic side of the spectrum while performing consecutive 
measurements which points at a continuing polymerization reaction in the ionic liquid.121 Alternative 
cyano-containing anions include [C(CN)3]- and [B(CN)4]-, which are respectively less and more stable 
towards oxidation than the dicyanamide anion according to measurements by Kötz et al.122 
 
Decomposition of fluorinated anions such as [BF4]-, [PF6]- and [AsF6]- during electrochemical 
experiments was studied by Ondrechen et al. They noticed the formation of gas bubbles during 
electrochemical study of [PF6]- 85, attributing this to a electrochemical oxidation of the anion to the 
hexafluorophosphate radical 86, which decomposes into PF5 87 and hydrogen fluoride 89, which are 
both gaseous. In addition, PF5 87 can react with water traces to form POF3 90 (Scheme 21).38 
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Scheme 21: Electrochemical degradation of [PF6]- 85.38 
 
In order to examine the influence of water on the degradation of [PF6]- 85, Duckworth et al. 
investigated the reactions of the anion with water during electrospray ionisation experiments.123 
Hydrolysis of [PF6]- 85 leads to formation of POF3 90, HF 89 and [F]- 91, which reacts with POF3 90 to 
[POF4]- 92. The electrolytic hydrolysis of water into H2 and hydroxide anions neutralizes the formed 
hydrogen fluoride 89 and thus aids the decomposition of the hexafluorophosphate anion. [POF4]- 92 
disproportionates to [PF6]- 85 and [PO2F2]- 93 at higher concentration (Scheme 22).124,125 They also 
observed similar products with [C2mim][BF4]: [BOF2]- and [BO2]- were observed in electrospray MS. 
Suarez et al. presume that also F2 evolution might occur in ionic liquids containing perfluorinated 
anions.36 
 
 
Scheme 22: Electrochemical degradation of [PF6]- 85 with water in negative ion electrospray 
MS experiments.123 
 
Fernandes et al. investigated the hydrolysis of fluorinated anions in aqueous solutions of acid and 
base and observed that the [PF6]- 85 anion only underwent hydrolysis in acidic conditions (pH < 3) or 
under the influence of heat (373K) to [PO2F2]- 93.126 Rogers et al. also observed hydrolysis in 8N 
HNO3 solution of [PF6]- 85 to [PO4]3- (in [C4mim][PF6]) and this is accelerated by the presence of SiO2, 
which will form SiF4 94 and [H]+ (Scheme 23).127 Under neutral or basic conditions, the 
hexafluorophosphate anion seems hydrolytically stable. 
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Scheme 23: Hydrolysis of [PF6]- to [PO4]3- under acid catalysis.127 
 
Opposing to the stability of the [PF6]- 85 anion, [BF4]- undergoes hydrolysis even under very mild 
conditions using water and 298K towards [BF3OH]- and [BF2(OH)2]-. The hydrolysis reaction is 
observed even more pronounced with increasing chain length and hence the size of the cation, since 
this weakens the cation-anion interaction in the ionic liquid, making the anion more susceptible to 
interaction with water.126 Davis et al. also observed [BF4]- to be base unstable and forming HF, which 
is observed as a white smoke and will etch glassware.128 
 
Degradation of ionic liquids due to anion exchange in organic reactions has also been observed on a 
few occasions. During alkylation reaction of β-naphtol with benzyl bromide in [P4444][Cl], halogen 
exchange between the ionic liquid and alkylating agent was observed.129 Anion exchange also 
occurred in [C4mim][TfO] and [C4mim][Br] with BuI and BuCl, with the reaction rate dependent on the 
temperature and the counter ion of the ionic liquid.130 
 
2.2. Synthesis and characterization of bicyclic ionic liquids 
 
The synthesis, characterization and possible applications of bicyclic ionic liquids are not very 
widespread in literature. Most of the research on ionic liquids is done in the field of the imidazolium-
based ionic liquids (as can be seen from the first chapter) and to a lesser extent on (cyclic) ammonium 
and phosphonium ionic liquids. Development of new classes of bicyclic ionic liquids is mainly driven by 
incorporating possible improvements towards stability and applicability of these ionic liquids. 
 
As described earlier, imidazolium ionic liquids suffer from a lack of stability of the C2-proton and its 
reduction/deprotonation to carbenes. Chu and coworkers synthesized two new types of bicyclic ionic 
liquids to try and improve their stability. They produced new bicyclic triazolium-based ionic liquids to 
eliminate the C2 proton on the imidazolium ring system (Scheme 24). However, albeit these triazolium 
ionic liquids lack the vulnerability of the C2-position, Begtrup et al. showed that the hydrogen atoms on 
the aryl system are quite acidic, resulting in abnormal NHC-systems that can react with various 
electrophiles.131,132 Deuterium exchange experiments, under neutral as well as basic conditions, 
confirmed the vulnerability of the C5-proton on the triazolium ring of ionic liquids 96. Stable cations 97 
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were obtained by alkylating this position and the methyl group showed little sign of deuterium 
exchange.133 
 
 
Scheme 24: Bicyclic triazolium ionic liquids as synthesized by Chu et al.133 
 
In extension of their previous work on C2 methylated imidazolium ionic liquids [C4m2im][Tf2N], Chu et 
al. also synthesized new bicyclic imidazolium ionic liquids [n-3C-im][Tf2N] 104a and [n-4C-im][Tf2N] 
104b where 3C and 4C account to the size of the cyclic substituent and n refers to the alkyl chain 
(Scheme 25). They reasoned this new imidazolium salts to be chemically more inert because of the 
higher electron density on the C2-CH2 group, compared to the methyl group on the [C4m2im]+-
derivative, which will result in a higher pKa-value hence increasing the resistance versus deprotonation 
of the C2-substituent. Only 50% of deuterium exchange was observed under basic conditions (0.1 M 
KOD in 1/1 CD3OD/D2O) for [n-3C-im][Tf2N] 104a during a time span of seven days while it only took a 
few hours to completely deuterate [C4m2im][Tf2N] under the same conditions. Using NaH and methyl 
iodide no methylation of the C2-substituent was observed, proving the inertness of these derivatives 
(Scheme 26).134,135 
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Scheme 25: Synthesis of bicyclic imidazolium ionic liquid with enhanced chemical stability.134,135 
 
 
Scheme 26: Control of chemical stability of bicyclic ionic liquid [C2-3C-im][Tf2N] 105.135 
 
Prompted by these results, Chu et al. investigated possible applications of these ionic liquids in 
organic synthesis. [C4-3C-im][Tf2N] showed excellent thermal stability as solvent for a thermal Claisen 
rearrangement under microwave conditions. High yields were obtained along with reusability up to 5 
times (after regeneration with charcoal even up to seven or eight times) without a significant drop in 
reaction rates and/or yields.136 Because of this high chemical stability, this ionic liquid was also 
implemented as the solvent in transamination reactions, showing a 100-fold increase in reaction rate 
whilst showing no sign of degradation of the imidazolium cation.137 Chu and coworkers also used 
these ionic liquids for selective gas sensing to analyse gas streams for ketones and amines,138 for 
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PCR amplification of DNA139 and as an affinity ionic liquid in the detection of a fluorescein-labeled 
peptide FITC-(His)6-NH2.140 
 
Another type of bicyclic ionic liquids is based on diazabicyclic structures which are monoalkylated to 
form the ionic liquid. In this way, MacNeil et al. synthesized ionic liquids based on the 1,4-
diazabicyclo[2.2.2]octane (DABCO, Scheme 27) 107 moiety by mixing DABCO and submolar amounts 
of alkyl halogenides, followed by a metathesis reaction of the resulting monoquaternized [Cndabco]+ 
cation.141 
 
 
Scheme 27: DABCO derived ionic liquids.141 
 
Forsyth and coworkers have investigated two DABCO-based ionic liquids in detail, namely 
[C2dabco][Tf2N] and [C8dabco][Tf2N]. They found that [C2dabco][Tf2N] possesses a good 
electrochemical stability (window of over 4V) in spite of the Lewis base site incorporated in the cation. 
Contrary to most bistriflimide containing ionic liquids, it is also moderately water soluble which is likely 
caused by an interaction between the Lewis basic nitrogen in the cation and water molecules. They 
thus expect these ionic liquids to be able to aid the dissolution of inorganic salts.142 Furthermore, ionic 
liquid [C8dabco][Tf2N] proves to have an excellent thermal stability, which also shows that 
incorporating a Lewis base site on the cation instead of using Lewis basic anions, as in 
[C4C1pyrrol][OAc], drastically improves the physical properties of the ionic liquids.143 Valentini et al. 
used the DABCO ionic liquids 109 as solvents for a palladium catalyzed Heck-reaction and found them 
to immobilize the Pd-catalyst quite well and to provide a good reusability of the ionic liquid with almost 
no decrease in yield after a few cycles.144 
 
While Chanfreau and coworkers used the monoquaternized [C4dabco]-based ionic liquids in their 
synthesis of dimethyl carbonate through a transesterification of ethylene carbonate,145 Wang et al. 
synthesized the chiral [Pro-dabco][BF4] for asymmetric Michael additions (Scheme 28). By using this 
ionic liquid as catalyst (2 to 20 mol%) in [C4mim][BF4], they obtained a very good selectivity (up to 92% 
ee) for an asymmetric Michael addition of various ketones to nitro-olefins, while being able to reuse 
the catalyst-solvent system by simple extraction with ether of the reaction products.146  
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Scheme 28: Chiral ionic liquid as catalyst for asymmetric Michael additions.146 
 
Ionic liquids incorporating the 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) or 1,5-diazabicyclo[4.3.0]non-
5-ene (DBN) moiety into the cation are a second example of diazabicyclo-based ionic liquids. 
Shainyan et al. mixed DBN or DBU with 1 equivalent of alkylating agent (alkyl chlorides or 
phenylbistriflimide) in dry chloroform or dichloromethane to obtain the [Cl]- and [Tf2N]- 113 salts 
respectively.147 Tanake and Kitazume synthesized 8-ethyl- or 8-methyl-DBU trifluoromethanesulfonate 
115 ionic liquids and used them for the preparation of α-fluorinated-α,β-unsaturated esters  from 
aldehydes and 2-fluoro-2-phosphonoacetate with a base K2CO3 or DBU. Reuse of the ionic liquids led 
to identical yields and E/Z-ratios of the acquired alkenes.148 Qian and coworkers reported the use of 
[DBUH][CnH2n+2COO] ionic liquids 114, prepared by neutralization of an carboxylic acid with a slight 
excess of DBU which is washed away with ether, in the hydrogen transfer reduction of nitriles using 
different formates together with the possibility to use this system for dehalogenation reactions and 
reduction of nitro groups.149 The usefulness of DBU ionic liquids was also summarized by Chen and 
Ying, highlighting Michael addition and Knoevenagel condensation under solvent-free conditions using 
these ionic liquids as catalysts with good yields.150 Dai et al. synthesized new bicyclic protic ionic 
liquids by neutralizing, among others, two bicyclic guadinine derived superbases with HNO3 followed 
by a metathesis to [Tf2N]- 116 or [Beti]- 117 (Scheme 29). These protic ionic liquids based on a 
combination of superbases and superacids proved to possess a thermal stability far beyond that of 
earlier synthesized protic ionic liquids using moderate bases, e.g. [Et3NH][Tf2N], comparable with 
[C4mim][Tf2N].151 
 
 
Scheme 29: Di- or tri-azabicyclic-based ionic liquids. 
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A last example is based on a bicyclic skeleton similar to that of epibatidine. Hollenkamp et al. 
synthesized new ionic liquids based on the 3-azabicyclo[3.2.2]nonane skeleton (Scheme 30). After 
alkylation, quaternization and metathesis, 3-alkyl-3-methyl-3-azoniabicyclo[3.2.2]nonane bistriflimide 
ionic liquids 119 are obtained, which prove to possess very large electrochemical windows of around 
6V which is comparable to piperidinium ionic liquids. They also allow a highly reversible lithium 
deposition encouraging use in batteries as new possible electrolytes.152 
 
 
Scheme 30: Synthesis of 3-alkyl-3-methyl-3-azoniabicyclo[3.2.2]nonane bistriflimides 119.152 
 
2.3. Synthesis and applications of dicationic ionic liquids 
 
In search for new ionic liquids that possess high stability, combined with a wide range of applications 
in organic synthesis amongst others, dicationic liquids were coming into the picture as useful 
candidates. Here, a short overview of some newly synthesized ionic liquids and some of their 
applications will be highlighted. However, some of these dicationic liquids only have melting points 
quite a bit above 100 °C, so definition wise they are not catalogued as ionic liquids but are called this 
way because they are liquid within the scope of their application.  
 
 
Scheme 31: General synthesis of dicationic ionic liquids with an alkyl spacer. 
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The most basic dicationic ionic liquids are prepared by simply mixing the ionic liquid precursor with an 
alkane substituted with two leaving groups (most of the time on the terminal positions, Scheme 31). 
Armstrong et al. synthesized imidazolium and pyrrolidinium dicationic liquids and found that an 
important characteristic of these salts is their high thermal stability, which in case of the imidazolium 
salts is quite a bit higher (up to 100 °C higher) than for the monocationic derivatives (Figure 8). They 
also found that the influence of the substituents on the cation and the choice of anion has a much 
bigger influence on the physical properties of the ionic liquid than the choice of alkyl spacer in between 
the two cationic moieties.153 In another reaction setup, they proved the high thermal stability and utility 
of these dicationic ionic liquids by employing them in several high-temperature reactions, e.g. Claisen 
rearrangement at 250 to 300 °C, with good yields compared to their monocationic counterparts.154 
 
 
 
Figure 8: Thermal stability comparison between mono- and dicationic liquids. (A) [C4mim][Cl]; 
(B) [C4mim][PF6]; (C) [C4mim][Tf2N]; (D) [C9(C4pyrrol)2][Tf2N]; (E) [C9(mim)]2][Tf2N]; (F) 
[C12(C6H5im)2][Tf2N]; (G) [C9(C1pyrrol)2][Tf2N].153 
 
Shreeve and coworkers tried to improve the properties of the previous dicationic salts by synthesizing 
new asymmetric dicationic ionic liquids, consisting of different cationic moieties in one salt entity. In 
this way they prepared ionic liquids based on interconnected imidazolium and 1,2,4-triazolium cations 
(with an alkyl spacer), thus combining two ionic moieties with very different properties, and obtained 
some low melting bistriflimide based salts 125. They used these salts to prepare new Pd-carbene 
complexes 126 as depicted in Scheme 32 and performed a Heck-reaction in ionic liquids 125 with this 
new complexes and obtained good yields and selectivity for the end products.155 
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Scheme 32: Asymmetric dicationic ionic liquids 125 and their application as carbene ligands.155 
 
Armstrong et al. combined different cationic structures through alkyl spacer chains and observed a 
large melting point drop and a decreased viscosity with increasing dissimilarity of the two cationic 
heads of the salts.156 Asymmetric salts formed by combining imidazolium and ammonium cations have 
been successfully tested as additives for lithium batteries.157 Liang and coworkers introduced further 
asymmetry into these ionic liquids by synthesizing dicationic salts combining an asymmetric cation, 
prepared from a pyridinium precursor, with two different anions further influencing the physical 
properties such as melting point and solvent solubility.158  
 
Task-specific dicationic ionic liquids have recently been developed and evaluated for various 
applications. Basic [Cn(mim)2][Im]2 ionic liquids have been employed for the transesterification reaction 
in biodiesel production,159 while [C6(C1pyrrol)2][HCO3]2 was used in a biphasic oxidation reaction 
employing hydrogen peroxide, Mn(OAc)2 and heptane, providing excellent selectivity while being able 
to reuse the catalyst-ionic liquid system for at least 10 times.160 Mane et al. synthesized new 
dihydropyrimidinones using [C3(mim)2][Cl]2, which probably accelerates the reaction by activation of 
the substrates through hydrogen bonding,161 and 5-arylidine-2,4-thiazolidinediones with 
[C3(mim)2][Br]2,162 while [C6(mim)2][Cl]2 was used by Mirjafari and coworkers to efficiently synthesize 
thioamides from nitriles, which are probably activated by interaction with the imidazolium cation, and 
ammoniumsulfite.163 Hwang et al. used the more specialized ionic liquids [C6(C1py)2][NiCl4]2 and 
[C6(C1py)2][CoCl4]2 for hydrogen gas generation from the hydrolysis of sodium borohydride.164 
 
Not only the variation of the cationic headgroups of a dicationic ionic liquid is useful to produce ionic 
liquids with different physicochemical properties, also the type of spacer used to connect the two 
cation moieties can be varied. Incorporating an ether functionality can have beneficial effects on the 
physicochemical properties of the liquid (e.g. lowering viscosity) and has been proven to lower the 
toxicity of certain ionic liquids.165,166  
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Kim et al. synthesized dicationic imidazolium ionic liquids containing an oligoether spacer and different 
sulfonate anions in three steps out of polyethylene glycol (Scheme 33). They subsequently used these 
ionic liquids for the dehydration of fructose and sucrose to HMF as the oligoether chain and the 
sulfonate anions provide good solubility for the sugars through extensive hydrogen bonding. This was 
proven by the fact that the tetraEG ionic liquid provided the best yields.167 Opposingly, increasing the 
length of the oligoether chain decreases the thermal stability and slightly increases the viscosity at 
lower temperatures.168 Lu and coworkers used ionic liquid 129 with the spacer derived from PEG1000 in 
a biphasic mixture with heptane for Pd-catalyzed Heck-reactions which provided good yields and 
excellent recovery and reuse of the catalyst/ionic liquid phase with no decline in yield.169 
 
 
Scheme 33: Dicationic imidazolium ionic liquids with an oligo ether spacer.167,168 
 
Instead of creating the ionic liquid in a one step proces, whether by alkylating of the linked ionic liquid 
precursors on the heads of the linker or via the reaction of the two ionic liquids precursor with a 
terminal dihalide, the synthesis of the dicationic ionic liquids can go via a zwitterion. First, two 
imidazolium or ammonium heads are linked with each other with a dihalogenide, then this linked 
species is reacted with a sulton to obtain the double zwitterion 131. The resulting sulfonate anions are 
then protonated with a strong acid such as sulfuric or triflic acid to obtain dicationic acidic ionic liquids 
(DAILs) 132 (Scheme 34).  
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Scheme 34: General outline of the synthesis of DAILs 132. 
 
Xia and coworkers used the triflate derivatives of ionic liquids 132 as an acidic catalyst for the 
Beckmann rearrangement,170 while Jain171 and Ni172 used the ammonium derivatives of 132 to act as a 
catalyst for the Biginelli reaction and the synthesis of α-aminophosphonates respectively. Replacing 
the alkyl spacer with a oligoether chain derived from PEG1000, similar to ionic liquids 129 in Scheme 
33, Jiao et al. developed a useful catalytic system, based on a two phase mixture consisting of an 
ionic liquid/catalyst and a toluene/reactants layer (Figure 9).173 These layers are mixable at high 
temperatures and will reform the two phase mixture upon cooling with separation of the two solvents 
systems. The organic layer can be easily decanted obtaining the reaction products after evaporation, 
after which the ionic liquid layer, containing the catalyst, will be reused. They employed this system for 
the synthesis of trisubstituted imidazoles and for the synthesis of 2-amino-3-cyano-4H-pyrans.173,174 
Later on, Lu and coworkers used the same solvent system for the oxidation of alcohols to carboxylic 
acids with H2O2, which will remain in the ionic liquid layer after reaction.175  
 
 
Figure 9: Schematic representation of the two phase reaction of IL 129 and toluene.173,174,175 
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Using the fact that these dicationic ionic liquids possess a high thermal stability as compared to the 
standard ionic liquids and combining that with a low volatility, these compounds  can function as GC 
stationary phases. Luo et al. synthesized a di-imidazolium ionic liquid with a 1,4-dimethylbenzyl spacer 
and concluded that the stationary phases prepared from the bistriflimide ionic liquids possess good 
separation characteristics: on these phases, alkanes, alcohols and even aromatic position isomers are 
well separated.176 Mondello and coworkers developed a stationary phase consisting of dicationic 1,9-
di(3-vinyl-imidazolium)nonane bis(trifluoromethylsulfonyl)imide which was compared with a traditional 
polyethylene glycol-based column in biodiesel analysis.177 The main advantages of the ionic liquid 
based column consist of a good separation of the biodiesel from the normal diesel fraction without the 
need for complex sample preparation and a reduced analysis time compared to the polyethylene 
glycol column.  
 
Sidelnikov et al. investigated the background noises and concluded that the ionic liquid phases 
produce less background noise than the polar polyethylene stationary phase. Amongst these ionic 
liquid phases, the one build up of dicationic ionic liquids produced the lowest level of background 
noise in accordance with the previously established higher thermal stability compared to monocationic 
ionic liquids. These ionic liquids thus allow a good separation of high boiling compounds without 
concerns about intervening background peaks derived from the stationary phase degradation 
products.178 
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3. Results and discussion 
 
3.1. Synthesis of 7-azabicyclo[2.2.1]heptane based ionic liquids via 
epibatidine-like analogues 
 
The synthesis of 7-azabicyclo[2.2.1]heptane derivatives 20 is based on a one-pot ring closure 
reaction. The reaction starts with cyclohexanone 21 substituted on the 4-position with a good leaving 
group, which is prepared starting from 1,4-cyclohexadione monoethylene acetal 22 in three steps. This 
ketone will react in situ with a primary amine forming the corresponding imine which will, after reaction 
with a suitable nucleophile, perform the ring closure towards the 4-position, expelling the leaving group 
and form the bridge to obtain the 7-azabicyclo[2.2.1]heptane skeleton 20. An outline of the reaction 
pathway is found in Scheme 35. 
 
 
Scheme 35: Retrosynthetic analysis of 7-azabicyclo[2.2.1]heptanes 20. 
 
The synthesis of compounds 20 in this thesis is based on an earlier developed method.179 The 
synthetic route towards the epibatidine analogues of Heugebaert et al. started from 1,4-
cyclohexanedione monoethylene acetal 22 and synthesized 4-(methanesulfonyloxy)cyclohexanone 
133 in three steps followed by the one-pot ring closure reaction yielding 7-azabicyclo[2.2.1]heptane-1-
carbonitriles 134 (Scheme 36). However, during this research, some problems were encountered 
concerning the reproducibility of the deprotection of the acetal group, which has led to a change in the 
reaction sequence and development of some alternative pathways in order to synthesize 
cyclohexanone 133. 
 
 
Scheme 36: Synthesis of 7-azabicyclo[2.2.1]heptane-1-carbonitriles 134 by Heugebaert et al.179  
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3.1.1. Synthesis of 4-substituted cyclohexanones 
 
The first step in the reaction sequence consist of the reduction of the ketone function of 1,4-
cyclohexadione monoethylene acetal, which will in the end be converted to the leaving group. Since 
the starting material 133 for the ring closure reaction was required in rather large quantities, the 
reducing reagent was changed to NaBH4 because this reagent allows an easier scale-up of the 
reaction due to the less violent nature of the reducing agent compared to LiAlH4. Additionally, work-up 
after reaction proves to be a lot easier using NaBH4. It only requires stirring the mixture with NaOH 
followed by a simple extraction resulting in a yield of 99% of alcohol 136. This is contrary to using 
LiAlH4, whereby excessive salt formation after the addition of water leads to a diminished yield of 
alcohol 136 after filtration over Celite®. 
 
 
Scheme 37: Reduction and subsequent mesylation of 22. 
 
The thus acquired alcohol 136 was transformed to the corresponding mesylate by Heugebaert et al., 
using 1.1 equivalents of triethylamine and methanesulfonyl chloride in dry dichloromethane obtaining 
135 in a yield of 95% (Scheme 37). The problematic step during this thesis proved to be the 
deprotection of the acetal 135 using a 1:1 mixture of 0.5M HCl and 1,4-dioxane as solvent. After 48 
hours at room temperature, as described in the original procedure, a 3:1 mixture of deprotected acetal 
133 and alcohol 136, formed by the hydrolysis of the mesylate, was obtained. Varying the reaction 
time and concentration of HCl in 1,4-dioxane did not prove of any help to obtain pure 133. Using 0.1 
equivalents of iodine instead, the conversion of acetal 135 was not complete and a maximum of 62% 
conversion was observed after 48h (Scheme 38). 
 
 
Scheme 38: Deprotection of acetal 135. 
 
To avoid the aforementioned hydrolysis of the mesylate, the order of the synthesis was reversed, 
performing the deprotection of the acetal before converting the alcohol into the leaving group. 
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However, deprotecting of acetal 136 with the HCl:dioxane system also did not succeed and again 
mixtures of 4-hydroxycyclohexanone 137 and remaining starting material were obtained after reaction. 
Deprotection of the aforementioned acetal 136 using a 2N HCl solution in water at reflux temperature 
proved to be too harsh. Other reagent systems for the deprotection of acetals have been evaluated 
but all of them yielded mixture of deprotected compound 137 with starting material (Scheme 39, Table 
5).180,181,182 Only with 1mol% of p-toluenesulfonic acid in refluxing H2O the deprotection went very 
smooth and was complete in 3h, while working on large scale (up to 100g) required longer reaction 
times up to 16h. The original extraction method was modified by neutralizing the acid with solid 
NaHCO3 and basification of the solution to pH 9, followed by evaporation of the solvent to about half of 
its original volume and an exhaustive extraction with CH2Cl2, which provided 4-hydroxycyclohexanone 
in a very good yield of 80% as a slightly yellow oil.  
 
 
Scheme 39. 
 
Table 5: Synthesis of 4-hydroxycyclohexanone via deprotection of acetal 136. 
Entry Reagent (equiv.) Solvent Temp. (°C) Time Conversion(%)a 
1 HCl (0.5 to 2N) 1,4-dioxaneb r.t. 48h 80 
2 BI3 (0.05) H2O r.t. 4hc 96 
3 CeCl3 (1.5) - NaI (0.15) ACN r.t. 4d 50 
4 CeCl3 (3) - NaI (0.3) ACN r.t. 24hc 70 
5 I2 (0.1) Acetone r.t. 3hc 50 
6 I2 (0.1) Acetone ∆ 45’ Degradation 
7 CAN (0.03)d ACN:H2O 1:1 60 1h 0 
8 CAN (0.03)d ACN:H2O 1:1 70 25’ 40 
9 CAN (0.03)e ACN:H2O 1:1 70 25’ 0 
10 CAN (0.03)f ACN:H2O 1:1 70 25’ 0 
11 CAN (2.5) ACN:H2O 1:1 70 2’ Degradation 
12 CAN (2.5)e ACN:H2O 1:1 70 5’ Degradation 
13 pTsOH (0.01) H2O ∆ On. 100 (80)g 
a
 Conversion determined by GC-analyses; b dioxane:HCl 1:1; c Time to maximal conversion; d 1.5 equiv. NaBrO3 
was added; e reaction performed in phosphatebuffer (pH = 8); f reaction performed in phosphatebuffer (pH = 8) 
together with 1.5 equivalents of NaBrO3; g Isolated yield. 
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In order to try and avoid the two step synthesis of 137 (starting from a rather expensive compound as 
22) a different approach was evaluated. Starting from 1,4-cyclohexanediol 138, the selective oxidation 
of the diol to 4-hydroxycyclohexanone 137 was evaluated using different oxidating reagents as 
depicted in Table 6.183,184,185,186,187 However, selectivity of these reagent systems is not very high 
hence the formation of mixtures of cyclohexadione 139 and cyclohexanone 137 together with the 
starting diol, which are not easy to separate. Use of Cobalt(III) acetylacetonate combined with N-
hydroxyphthalimide under ambient air provided the best yield of selectively oxidized compound 137.188 
The reaction can also be performed under an oxygen atmosphere but the yield did not improve 
significantly. A better alternative was found in the selective reduction of 1,4-cyclohexanedione 139 
using Ru-catalyst 140 as depicted in Scheme 40. The ratio of reaction products 139:137:138 was 
found to be 3:95:2 on GC-analysis after reduction with a catalytic amount of the Ru-catalyst together 
with 1 equivalent of formic acid and NEt3 in acetonitrile.189 This reduction protocol thus provides a 
good alternative for the synthesis of 4-hydroxycyclohexanone to the reduction-deprotection pathway 
described above. 
 
 
Scheme 40: Selective oxidation or reduction towards 4-hydroxycyclohexanone 137. 
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Table 6: Selective oxidation of 1,4-cyclohexanediol 138 to 4-hydroxycyclohexanone 137. 
Entry Reagent (equiv.) Solvent Temp. (°C) Time Yield
a
 
1 Jones’ reagent (1.05) Acetone 0 to r.t. 2h Mixture (38%) 
2 Na2Cr2O7 (0.34) - H2SO4 Et2O:H2O 0 to r.t. 3 to 4h Mixture (39%) 
3 
NHPI (0.2) - Co(acac)3 (0.02) - 
O2 (air) 
ACN 65 7d 
Mixture 
(46%) 
4 PCC on silica (1.5 to 2) Dry CH2Cl2 r.t. on. Dione 139 
5 Ag2CO3 on silica or Celite (4) Benzene/toluene ∆ on. SMb 
6 KMnO4 on kaolinite   2h / 
7 AlEt2OEt (0.3) - CF3C(O)CH3 (2) Dry CH2Cl2 r.t. 72h / 
8 
TEMPO (0.03) - NaNO2 (0.05) - 
HCl (conc., 0.1) CH2Cl2 r.t. on. / 
a
 Isolated mono-oxidized compound 137; b Starting material fully recuperated after filtration. 
 
Introduction of the leaving group (Table 7) was performed according to the procedure by Heugebaert 
et al., obtaining 4-(methanesulfonyloxy)cyclohexanone 133 as a yellow/brown oil in 77% yield.177 
However, some minor impurities are present in this compound and they influence the subsequent ring 
closure in a negative way by decreasing the yield of azabicyclic product. Therefore, the synthesis of 4-
(4-toluenesulfonyloxy)cyclohexanone 141 was chosen over the mesylate, because the tosylate is 
crystalline which is making purification a lot easier. Using the same conditions as for the mesylation 
reaction, p-toluenesulfonyl chloride could not convert alcohol 137 into tosylate 141. Also, tosylation 
with DABCO190 or catalytic CoCl2.6H2O and pTsOH191 led to recuperation of starting materials with a 
minimal amount of conversion. Therefore, alcohol 133 was dissolved in acetonitrile, adding 0.1 
equivalents of N,N,N’,N’-tetramethyl-1,3-propanediamine (TMPDA) and 1.5 equivalents of NEt3, where 
the diamine acts as a catalytic base, and 1.5 equivalents of p-toluenesulfonyl chloride.192 This 
provided tosylate 141 in good yield of 75% as a slightly orange powder after addition of EtOAc and 
washing the resulting mixture with NaHCO3(sat.) and NaCl(sat.), followed by a recrystallization with Et2O. 
Even better yields were obtained by using pyridine as the base and solvent and tosylate 141 was 
obtained in 85% yield as a white powder after extraction with EtOAc and washing of the organic phase 
with 2N HCl. Scheme 41 displays the highest yielding synthetic route towards the 7-azabicyclic 
precursor 141. 
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Table 7: Conversion of 4-hydroxycyclohexanone 137 
into the corresponding mesylate 133 or tosylate 141. 
Entry Reagent (equiv.) Solvent Temp. (°C) Time Yield (%)a 
1 NEt3 (1.1) - MsCl (1.1) Dry CH2Cl2 0 -> r.t. 1h 77 
2 NEt3 (1.1) - TsCl (1.1) Dry CH2Cl2 0 -> r.t. on. SMb 
3 DABCO (2) - TsCl (1.5) CH2Cl2 0 -> r.t. 24h SMb 
4 
CoCl2.6H2O (0.05) -  
p-TsOH (1) ClCH2CH2Cl ∆ 4h SM
b
 
5 
TMPDA (0.1) - NEt3 (1.5) - 
TsCl (1.5) ACN r.t. on. 75 
6 TsCl (1.5) Pyridine r.t. 3h 85 
a
 Isolated yield; b Starting material fully recovered. 
 
 
Scheme 41: Synthesis of starting material 141 for the ring-closure reaction. 
 
3.1.2. Synthesis of 7-azabicyclo[2.2.1]heptane-1-carbonitriles 
 
To synthesize the 7-azabicyclo[2.2.1]heptanes 134, a one-pot reaction was used which has been 
previously developed by our research group.177 Tosylate 141 and two equivalents of triethylamine and 
acetone cyanohydrin (ACH) are mixed together with a primary amine in dry methanol using pressure 
vials of 150 ml and the mixture heated to 110 °C for 48 to 60 hours (Scheme 42). After cooling, the 
reaction mixture is washed with saturated solutions of NaHCO3 and Na2S2O3 to ensure complete 
removal of any residual cyanides. The azabicyclic compounds were purified by column 
chromatography or distillation depending on the size of the alkyl side chain. 
 
 
Scheme 42: One-pot synthesis of 7-azabicyclo[2.2.1]heptane derivatives 134. 
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Through the course of the reaction, cyanide addition to the in situ formed imine results in two possible 
conformations of the addition product. Only when the amino-group and the tosyl leaving-group are 
positioned trans to each other as in TS2, the ring closure can take place. Since this cyanide addition is 
reversible, as was mentioned before, TS1,  the unwanted cis transition state, can be interconverted to 
TS2 which should eventually be leading to the full conversion of the starting material to the ring-closed 
product, hence requiring long reaction times to complete the formation of the 7-
azabicyclo[2.2.1]heptanes 134 (Scheme 43). 
 
 
Scheme 43: Reversible cyanide addition. 
 
 
In order to improve the yield of the bicyclic compounds 134, the reaction temperature was varied from 
70 to 110 °C to diminish the amount of unwanted side products but lower reaction temperatures only 
led to longer reaction times needed for 100% conversion of starting tosylate 141 without a significant 
improvement on the yield. The amount of added cyanohydrin and triethylamine was ranged from 1 to 3 
equivalents, but it was not possible to improve on the standard conditions. Using the primary amine 
both as reagent and as base without using triethylamine for the ring closure method is a feasible 
method when working with low-boiling amines. Their excess is easily removed by evaporation, 
however the yield did not improve compared to the standard reaction conditions. By adding drying 
agents, MgSO4 or trimethylorthoformate, the influence of formed water (from imination) on the reaction 
was evaluated but no significant improvement of the yield of ring-closed products 134 was observed. 
Finally, 7-azabicyclo[2.2.1]heptane-1-carbonitriles 134 were obtained in a yield varying from 19% to 
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71% (Table 8) which is in accordance with earlier prepared alkyl substituted 7-
azabicyclo[2.2.1]heptane derivatives prepared by Heugebaert et al.177 Ring closure reactions using 
very bulky primary amines did not succeed however, which is probably caused by an increase of steric 
hindrance during the ring closure of TS2.  
 
Table 8: Overview of prepared 7-azabicyclo[2.2.1]heptanes 134. 
Entry R equiv. RNH2 Yield (%)a 
134a H 5 (7M in MeOH) 19b 
134b Me 3 (2M in MeOH) 65 (39b) 
134c Et 3 (2M in MeOH) 23b 
134d n-Bu 1.5 66 
134e n-Hex 1.05 71 
134f n-Hept 1.05 75 
134g n-Oct 1.05 65 
134h n-C18H37 1.05 51 
134i iBu 1.5 66 
134j iAm 1.05 62 
134k 2-Ethylhexyl 1.05 49 
134l tert-Bu 1.05 0 
134m tert-Oct 1.05 0 
134n Cy 1.05 59 
134o CH2Cy 1.05 38 
134p Allyl 1.05 35 
134q Bn 1.05 61 
134r 2-Hydroxyethyl 1.05 56 
134s 2-(2-hydroxyethoxy)ethyl 1.05 0 
134t 2-Methoxyethyl 1.05 68 
134u 2-Tetrahydrofurfurylmethyl 1.05 55 
a
 Yield obtained after chromatography; b Yield obtained after distillation. 
 
The continuous synthesis of 7-azabicyclo[2.2.1]heptanes 134 using microreactor technology could 
provide an alternative for the use of pressure vials, which are limited in volume, in view of a high 
throughput for the 7-azabicyclo[2.2.1]heptanes. The microreactor reaction was evaluated both with 4-
(methanesulfonyloxy)- 133 and 4-(4-toluenesulfonyloxy)cyclohexanone 141 with n-butylamine. 
 
The reaction setup is demonstrated in Figure 10. Two solutions, the first one containing 4-
sulfonyloxycyclohexanone and 1.5 equivalents n-butylamine and a second one containing 1.5 
equivalents of triethylamine and acetone cyanohydrin in dry methanol with both solutions having the 
same concentration. These two solutions are pumped together through a mixing unit before entering 
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the reactor itself. Since the pressure vial reaction takes 48 hours to complete and the maximal 
residence time inside the reactor has a maximum of 30 minutes, while the reaction is performed at 
high temperature to increase reaction rate and at high pressure to ensure a stable flow without flow 
cavitation arising from boiling of one of the reaction components.  
 
 
Figure 10: Reaction setup for microreactor experiments. 
 
The different reaction conditions are shown in Table 9. Unfortunately, only very limited amounts of 
desired ring-closed compound 134d were detected through GC-analysis of the collected reaction 
samples. However, no starting material was detected after reaction, proving the reaction conditions to 
be too harsh to enable microreactor-mediated synthesis of the 7-alkyl-7-azabicyclo[2.2.1]heptane-1-
carbonitriles. 
 
Table 9: Microreactor experiments for 7-azabicyclo[2.2.1]heptane-1-carbonitrile 134d and 134g 
synthesis. 
Entry LG RNH2 Concentration Temp. Pressure 
Residence 
timea 
1 OMs n-BuNH2 0.1 M 150 °C 100 bar 30 min 
2 OTs n-BuNH2 0.1 M 150 °C 100 bar 30 min 
3 OMs n-OctNH2 0.2 M 150 °C 100 bar 20 min 
4 OTs n-OctNH2 0.2 M 175 °C 100 bar 30 min 
a
 Residence time at a pump speed of 0.2 ml.min-1. 
 
3.1.3. Conversion of 7-azabicyclo[2.2.1]heptane-1-carbonitriles to ionic liquids: 
synthesis and properties 
 
3.1.3.1. Quaternization and metathesis 
 
After ring closure, the bicyclic core was transformed to the quaternary ammonium salts using 
iodomethane. Despite the fact that the reactivity of the amine does not seem to be all that high, mild 
reaction conditions can be applied combined with an easy work-up due to the volatility of the alkylating 
agent. This method provides good results for linear chain derivatives 134b and 134d to 134g, albeit 
having to use 10 equivalents of methyl iodide to synthesize the quaternary ammonium iodide salts in 
high yield (Scheme 44). Due to an increase in steric hindrance when the nitrogen bridge is formed by 
Results and discussion 
 
 48 
using non-linear primary amines, higher temperatures and longer reaction times were needed to 
complete the methylation reaction. Either direct filtration after reaction or the addition of diethyl ether to 
precipitate the salt with subsequent vacuum drying, provided the ammonium iodides in high yields and 
high purity (Table 10). To avoid discoloration, the mixture was shielded from light during reaction and 
drying of the salt. 
 
N
R
10 equiv. MeI
N
R
Me
I
134 142
ACN
NC NC
 
Scheme 44. 
 
Table 10: Synthesis of 1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane iodides 142. 
Entry R Temp. Time Yield (%)a Melting 
point (°C) 
142b Me r.t. 24h 83 222.5b 
142d n-Bu r.t. 24h 86 174.0 
142e n-Hex r.t. 24h 91 152.2 
142f n-Hept r.t. 24h 73 156.0 
142g n-Oct r.t. 24h 93 156.5 
142h n-C18H37 ∆ 24h 78 163.6 
142i i-Bu ∆ 36h 83 194.0b 
142j i-Am ∆ 48h 95 152.0 
142k 2-Ethylhexyl ∆ 66h 63 109.0 
142n Cy ∆ 24h 93 162.9 
142p Allyl r.t. 24h 54 190.0b 
142q Bn r.t. 24h 14 178.0 
142r 2-Hydroxyethyl r.t. 24h 82 198.0b 
142t 2-Methoxyethyl r.t. 24h 70 164.0 
142u 2-Tetrahydrofurfurylmethyl ∆ 24h 78 196.0b 
a
 Isolated yield; b Degradation. 
 
As can be seen in Table 10, the yield of the methylation reaction of the benzylated derivative 142q is 
very low after 24h of reaction at room temperature. Performing this reaction under reflux does not 
improve the yield but instead produces the dimethylated iodide salt 142b through elimination of the 
benzyl group in yield of 74% after 24h as shown in Scheme 45. Complete conversion of 7-benzyl-7-
azabicyclo[2.2.1]heptane-1-carbonitrile 134q has not been observed even after prolonged reaction 
times of several days. 
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Scheme 45. 
 
Alkylation using larger reagents like ethyl iodide or allyl bromide did not prove to be a feasible method 
for the quaternization of the 7-azabicyclic amines substituted with other (and larger) alkyl chains than a 
methyl group, probably caused by an increase in steric hindrance. In this way, only small conversions 
to the alkylated end products were obtained even after prolonged reaction times of up to 5 days at 
reflux temperatures. Only derivatives 142b bearing a methyl group turned out to be able to be 
synthesized in good yields. 
 
Each of these iodide salts was subsequently transformed into 4 different salts: nitrate 143, 
tetrafluoroborate 144, dicyanamide 145 and bis(trifluoromethylsulfonyl)imide 146 derivatives. For the 
metathesis to the nitrate and tetrafluoroborate derivatives, AgNO3 and AgBF4 were used respectively 
in an equimolar amount in distilled water at room temperature. Acetonitrile and a slight excess (1.05 
equivalents) of silver salt were used for salts which do not easily dissolve in water. After reaction, the 
AgI was filtered off and the filtrate was evaporated. The residue was dissolved once in cold methanol 
and filtered to obtain the nitrate and tetrafluoroborate salts respectively in good yields after removal of 
the solvent. To ensure complete dryness of the salts, they were dried in vacuo at 50 to 70°C to avoid 
discoloration and/or degradation. 
 
For the synthesis of the corresponding dicyanamide salts, AgN(CN)2 was freshly prepared by mixing 
equimolar amounts of AgNO3 and NaN(CN)2 in distilled water, followed by filtration of the resulting 
suspension. The thus acquired greyish chuncks were dried in vacuo to obtain a grey powder which 
was stored shielded from light. AgN(CN)2 was added in a slight excess (1.2 equivalents) in acetonitrile 
to ensure complete conversion. The resulting AgI was filtered off and after evaporation of the solvent, 
the ionic liquid was redissolved three times in methanol at 0°C to remove the remaining AgN(CN)2. 
Metathesis in distilled water was also evaluated but did not reach 100% conversion which is suspected 
to be caused by the dissolution of the silver salt in the resulting ionic liquid, which especially for 
ammonium salts with large alkyl chains will separate itself from the water phase, thus hampering 
metathesis of the remaining iodide salt that resides in the water phase. 
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Using LiTf2N for the metathesis, the iodide salt and 1.05 to 1.1 equivalents of LiTf2N  were mixed and 
stirred overnight at room temperature in acetonitrile. After reaction, evaporation of the resulting 
reaction mixture, followed by addition of CH2Cl2. Washing of the organic phase with small portions of 
distilled water ensured the complete removal of LiI and remaining LiTf2N. These mostly liquid salts 
were dried at 80 °C and 120 °C for the N(CN)2 and Tf2N salts, respectively, to remove as much 
residual water as possible before performing any analyses. After this drying step, none of the 
measured ionic liquids contained more than 500 ppm of water. An overview of the synthesized salts is 
given by Table 11. 
 
As can be seen from Table 11, the salts containing nitrate and tetrafluoroborate, i.e. the smallest of the 
four evaluated anions, possess a rather high melting point compared to their bistriflimide analogues. 
These small anions can form a dense packing with the cation, leading to a strong crystal structure and 
thus high melting points. This is the case with small cations like 143b where the two small ions can 
perfectly combine into a strong structure. Using larger cations, this packing can pe prevented. Nitrate 
salt 143k has a melting point below room temperature which is a drop of at least 160°C in its melting 
point compared to 143b which goes to illustrate this point. Using larger anions also brings about a 
lowering in melting point as can be observed from the difference in melting point between the 
bistriflimide ionic liquids and the salts containing nitrate and tetrafluoroborate. Also the fact that the 
negative charge is spread out over the bis(trifluoromethylsulfonyl)imide anion causes a decrease in 
interaction between the cation an anion, providing a less densily packed crystal lattice.This charge 
diffusion can also be seen with the dicyanamide anion which also provides ionic liquids with rather low 
melting points compared to the nitrate analogues. 
 
Table 11: Overview of yield and melting points of 1-cyano-7-methyl-7-
azoniabicyclo[2.2.1]heptane salts 143 - 146.a 
Entry R [NO3]- [BF4]- [N(CN)2]- [Tf2N]- 
1 Me 
84% 
182.0°Cc 
86% 
187.0°Cc 
65% 
112.0°C 
93% 
78.0°C 
2 n-Bu 
77% 
142.6°C 
58% 
142.0°C 
84% 
104.4°C 
93% 
-33.6°Cb 
3 n-Hex 
96% 
113.4°C 
54% 
118.2°C 
90% 
< 0°C 
87% 
< 0°C 
4 n-Hept 
79% 
< 60.0°C 
73% 
157.0°C 
86% 
< rt 
91% 
< rt 
5 n-Oct 
74% 
126.9°C 
70% 
132.4°C 
94% 
< 0°C 
93% 
-36.6°Cb 
6 n-C18H37 
83% 
122.0°C 
71% 
144.0°C 
84% 
70.0°C 
91% 
56.0°C 
7 i-Bu 
76% 
132.0°C 
68% 
190.0°C 
83% 
< rt 
88% 
< rt 
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8 i-Am 
83% 
99.0°C 
79% 
131.0°C 
81% 
< rt 
91% 
< rt 
9 2-Ethylhexyl 
60% 
< rt 
40% 
66.0°C 
45% 
< rt 
84% 
< rt 
10 Cy 
89% 
165.9°Cc 
46% 
131.8°C 
91% 
< rt 
88% 
72.7°C 
11 Allyl 
67% 
179.0°C 
74% 
248.0°C 
85% 
< rt 
94% 
61.0°C 
12 Bn 
64% 
132.0°C 
55% 
171.0°C 
82% 
< rt 
86% 
113.0°C 
13 2-Methoxyethyl 
76% 
/ 
78% 
119.0 
74% 
< rt 
85% 
< rt 
14 2-Tetrahydrofurfurylmethyl 
73% 
147.0°C 
87% 
122.0°C 
92% 
< rt 
96% 
< rt 
a
 [NO3]- = 143b-u, [BF4]- = 144b-u, [N(CN)2]- = 145b-u, [Tf2N]- = 146b-u; b Glass transition as observed in DSC-
analysis; c Degradation occurred before melting. 
 
3.1.3.2. Thermal and electrochemical properties 
 
In view of utilizing these ionic liquids in several different applications, e.g. electroplating and chemical 
reactions at high temperatures, examination of their thermal and electrochemical stabilities is of 
paramount importance in assessing the choice of ionic liquids for their selected use. 
 
The thermal stability of ionic liquids was measured by thermogravimetric analysis and was performed 
at a heating rate of 10 °C.min-1 in alumina sample pans under argon flow (100 ml.min-1) with sample 
weights between 5 and 15 mg. Both 7-butyl- and 1-cyano-7-methyl-7-octyl-7-
azoniabicyclo[2.2.1]heptane bistriflimide 146d and 146g were examined and showed a similar 
degradation behaviour as can be seen from Figure 11.  
 
For both of these bistriflimide containing ionic liquids, the onset of decomposition was taken at 1% 
weight loss and starts at 300 °C. Contrary to the good thermal stabilities of 146d and 146g, 
dicyanamide based ionic liquids 145e and 145g already started to darken significantly when heated at 
140 °C which points at decomposition of these ionic liquids already at quite a low temperature. No 
TGA-analysis has thus been performed for these salts. 
 
Results and discussion 
 
 52 
 
Figure 11: Thermogravimetric analysis of bistriflimide ionic liquids 146d (upper) and 146g 
(lower). 
 
Electrochemical stability was assessed by cyclic voltammetry using a Pt electrode and the Fc/Fc+ 
(ferrocene/ferricenium) couple as a reference at 90 °C together with a RuO2/IrO2 coated Ti-grid as 
counter electrode. The influence of the size of the alkyl side-chain and the effect of the anions on the 
electrochemical stability of the different liquid salts were determined and examined by this method. 
 
 
Figure 12: Cyclic voltammograms of ether-substituted ILs: 146t (blue) and 146u (red) at a Pt 
disk (0.5 mm diameter) versus Fc/Fc+ at 25 mV.s-1 with a RuO2/IrO2 coated Ti-grid as counter 
electrode (at 90 °C). 
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Figure 13: Cyclic voltammograms of linear 
alkyl-substituted bistriflimides: 146d (blue), 
146e (red), 146f (green) and 146g (yellow) at 
a Pt disk (0.5 mm diameter) versus Fc/Fc+ at 
25 mV.s-1 with a RuO2/IrO2 coated Ti-grid as 
counter electrode (at 90 °C). 
 
 
Figure 14: Cyclic voltammograms of 
branched alkyl-substituted bistriflimides: 
146i (blue), 146j (red) and 146k (green) at a 
Pt disk (0.5 mm diameter) versus Fc/Fc+ at 
25 mV.s-1 with a RuO2/IrO2 coated Ti-grid as 
counter electrode (at 90 °C). 
 
Table 12: Electrochemical windows of 1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane 
bistriflimides 146 at a Pt disk (0.5 mm diameter) versus Fc/Fc+ at 25 mV.s-1. A RuO2/IrO2 coated 
Ti-grid was used as counter electrode (at 90 °C). 
Entry R Vcath (V)a Vanode (V)a ∆V at 0.1 A.dm-2 ∆V at 0.2 A.dm-2 
146d n-Bu -2.53 1.76 4.29 5.14 
146e n-Hex -1.98 1.68 3.66 4.21 
146f n-Hept -2.05 1.50 3.55 3.97 
146g n-Oct -2.49 1.35 3.84 4.41 
146i i-Bu -2.13 1.60 3.73 4.08 
146j i-Am -2.27 1.82 4.09 4.39 
146k 2-Ethylhexyl -1.92 1.88 3.80 4.27 
146t 2-Methoxyethyl -2.03 1.02 3.05 3.65 
146u 2-Tetrahydrofurfurylmethyl -2.12 1.11 3.23 3.83 
a
 Potential at a cut-off value of 0.1 A.dm-2. 
 
As can be seen from Figures 13 and 14 and from Table 12, all of the tested bistriflimide containing 
ionic liquids based on an alkyl chain, whether linear or branched, possess an electrochemical window 
around 3.8 V in width for a cut-off-value of 0.1 A.dm-2. However, since the cathodic stable does not 
seem to differ significantly between the seven tested analogues, it seems that there is a specific 
reduction process going on in each of these ionic liquids around -2.1 V. The same degradation voltage 
is observed in the ether substituted 1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane bistriflimides at 
the cathode (Figure 12). The ether function does not seem to reduce the cathodic instability but the 
anodic stability is significantly lower than the aforementioned analogues, which is a bit contradictory to 
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the general effect of introducing an ether functionality in the cationic skeleton, as can be seen in Table 
2 in Chapter 2. 
 
Two different explanations can be put forward for this observation. On the one hand, the bistriflimide 
anion - as has been elaborated in the literature overview - can already start degrading (reducing) 
around -1.5 V vs. Fc/Fc+ (cfr. Figure 7). Secondly, it could also be possible that the 1-cyano-7-methyl-
7-azoniabicyclo[2.2.1]heptane cationic skeleton is not very stable against electrochemical reduction at 
the cathode.  
 
To try and distinguish between the two possible reduction events described above, some of the 
corresponding ionic liquids containing dicyanamide anions were also tested for their electrochemical 
stability (Table 13). A comparison between the hexyl substituted bistriflimide and dicyanamide ionic 
liquids 145e and 146e is illustrated in Figure 15. These dicyanamide salts start degrading at the 
cathode around -1.9 V which is nearly at the same potential value as the bistriflimide salts. Therefore, 
it seems that the epibatidine-based skeleton of the cation is the main concern in the reduction of the 
ionic liquids.  
 
 
Figure 15: Comparison of cyclic voltammograms of hexyl-substituted ILs: 145e (blue) and 146e 
(red) at a Pt disk (0.5 mm diameter) versus Fc/Fc+ at 25 mV.s-1 with a RuO2/IrO2 coated Ti-grid 
as counter electrode (at 90 °C). 
 
Table 13: Electrochemical windows of 1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane 
dicyanamides at a Pt disk (0.5 mm diameter) versus Fc/Fc+ at 25 mV.s-1. A RuO2/IrO2 coated Ti-
grid was used as counter electrode (at 90 °C). 
Entry R Vcath (V) Vanode (V)a ∆V at 0.1 A.dm-2 
145e n-Hex -1.94 1.39 3.33 
145g n-Oct -1.88 1.23 3.11 
a
 Cut-off potential off the first scan. 
 
A strange phenomenon occurs however at the anodic side of the electrocyclic voltammograms of 
these dicyanamide ionic liquids. When recording consequent voltammograms of the same ionic liquid, 
-3 -2 -1 0 1 2 3
Cu
rr
en
t d
en
si
ty
 
(A
.
dm
-
2 )
Potential (V)
0.2 A.dm-2 
Results and discussion 
 55 
while polishing the electrode between each measurement, a widening of the voltammograms is 
observed as can be seen in Figure 16. This has also been observed by Fransaer et al. during 
electrodeposition of germanium, as has already been mentioned in section 2.1.5. 
 
The cause of this phenomenon will probably have to be sought in an electropolymerisation of the 
dicyanamide anion on the anode, depositing a very thin film on the this electrode,193 which is causing 
broadening of the anodic side of the spectrum. Furthermore, due to electropolymerization, the 
viscosity of the ionic liquid, containing the polymeric compounds, will likely increase around the anode 
and will thus slow down the diffusion of the degradation species away from the anode. There is a 
strong presumption that the combination of an ever slower diffusion of the degradation products 
together with the deposition of a film on the electrode will cause the broadening of the electrode on the 
anodic side of the electrocyclic voltammogram. An extra indication of an important degradation event 
in these ionic liquids is found in the darkening of the liquid during the recording of the dicyanamides. 
 
 
Figure 16: Cyclic voltammograms of consecutive scans of 145e on a Pt disk (0.5 mm diameter) 
at 25 mV.s-1 with a RuO2/IrO2 coated Ti-grid as counter electrode (at 90 °C). First scan: blue; 
second scan: red; third scan: green; fourth scan: yellow and fifth scan: black. 
 
3.1.4. Dicationic ionic liquids 
 
In view of making new dicationic ionic liquids based on two interconnected 7-azabicyclic ring 
structures, the ring closing reaction was executed using 1,n-diamines in a ratio of 1:2 with tosylate 
141. Using ethylenediamine the reaction went smooth and the bridged derivative 147a was obtained in 
a yield of 49% while when using diamines with longer chains, 1,4-diaminobutane and 1,6-
diaminohexane, the intended structures were not isolated from the reaction mixture.  
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A fairly large part of the dicationic ionic liquids that can be found in literature contain a spacer based 
on an oligoether chain between the two cations, as has been summarized in chapter 2. The synthesis 
of two 7-azabicyclo[2.2.1]heptane skeletons connected by a linker containing a varying amount of 
repetitive ethers was also essayed during this thesis. Only the shortest evaluated ether-linked 
diamine, 1,8-diamino-3,6-dioxaoctane, was able to produce the bis(7-azabicyclo[2.2.1]heptane) 
oligoether compound 147d (Table 14).  
 
Table 14: Bridged derivatives. 
Entry 1,n-Diamine x (equiv. amine)  Yield (%)a 
147a Ethylenediamine 0.5 equiv.  49 
147b 1,4-Diaminobutane 0.5 equiv.  0 
147c 1,6-Diaminohexane 0.5 equiv.  0 
147d 1,8-Diamino-3,6-dioxaoctane 0.5 equiv.  67 
147e 
1,11-Diamino-3,6,9-
trioxaundecane 
0.5 equiv. 
 
0 
147f 
1,13-Diamino-4,7,10-
trioxatridecane 
0.5 equiv. 
 
0 
a
 Yields obtained after chromatography 
 
The double quaternization to a dicationic ionic liquid, using a large excess of methyl iodide (ca. 20 
equiv.), only led to the double cation in case of the oligoether derivative 147d. Reaction of the 
methylating agent with the bis(7-azabicyclo[2.2.1]heptane)derivative 147a containing the ethylene 
spacer only yielded monomethylated compound 148a which is probably explained by the fact that the 
spacer is too small so that the dicationic compound would be subject to a rather large charge 
repulsion. 
 
The synthesis of the dicationic halide salts was also essayed in the reverse reaction order, i.e. via 
quaternization of 7-methyl-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134b with a 1,n-dihaloalkane as 
shown in Table 15. As was expected, reaction with 0.5 equiv. of 1,2-chloro- or 1,2-dibromoethane in 
acetonitrile at 20 to 80 °C did not yield the bridged derivative, while 1,2-diiodoethane yielded the 
corresponding quaternized product 149. Reaction using larger 1,n-dihaloalkanes in refluxing 
acetonitrile provided mixtures of starting materials together with the elimination products 150, while for 
1,3-diiodopropane, the bis(7-azabicyclo[2.2.1]heptanes) derivative which was unseparable from other 
reaction products was observed in a very small amount. Since no dicationic halide salts could be 
isolated in this way, they were prepared according to Scheme 46. 
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Scheme 46: Quaternization towards dicationic iodide salts. 
 
Table 15: Attempted double quaternization towards dicationic halides. 
Entry Halogenide (equiv.) Temp. Time Conversiona 
1 1,2-Dichloroethane (0.5) ∆ 24h SMb 
2 1,2-Dibromoethane (0.5) ∆ 24h SMb 
3 1,2-Diiodoethane (0.5) ∆ 24h SM + 149c 
4 1,3-Dibromopropane (0.5) ∆ 24h SM + 150d 
5 1,3-Diiodopropane (0.5) ∆ 24h SM + 150e + 151f 
6 1,5-Dibromopentane (0.5) ∆ 24h Comp. mix. 
a
 Compounds identified by LC-MS analysis; b Starting material recovered after evaporation of the volatiles; c Ratio 
SM:149 = 1:1; d Ratio SM:150 = 6:4; e 150 with [I]-; f Ratio SM:150:151 = 6:3:1. 
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Conversion of the iodides into different salts was performed using the aforementioned methods of 
metathesis. An overview of these salts is displayed in Table 16.. 
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Table 16: Yields and melting points of bis(7-azabicyclo[2.2.1]heptane) salts.a 
Entry Iodide [NO3]- [BF4]- [N(CN)2]- [Tf2N]- 
1 
148a 
198.0°C 
84% 
164.0°C 
86% 
216.0°Cb 
65% 
134.0°C 
93% 
132.0°C 
2 
148d 
89.0°C 
/ / / 
93% 
< rt 
a
 [NO3]- = 152a, [BF4]- = 153a, [N(CN)2]- = 154a, [Tf2N]- = 155a and d; b Degradation. 
 
3.1.5. Conversion of 7-azabicyclo[2.2.1]heptane-1-carbonitriles to ionic liquids 
containing carbonate or sulfurous anions 
 
3.1.5.1. Attempted synthesis of 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane methyl 
carbonates 
 
The quaternization route based on the anion metathesis reaction with silver salts described under 
3.1.3.1. is a relatively easy synthetic route but includes some important disadvantages. First there is 
the cost of using large amounts of silver salts to obtain these ionic liquids. Secondly, after metathesis 
there is often a very small amount of silver and iodide ions left in the ionic liquids and though this 
contamination is often limited to ppm values, they can have an impact on thermal and/or 
electrochemical behaviour of the resulting ionic liquids. A third major issue which certainly cannot be 
ignored is the generation of quite large amounts of silver waste in the form of silver iodides. Silver is 
very toxic when contaminating the ecosystem which makes the safe disposal of the silver waste an 
important issue in order to avoid silver spillings into the environment.  
 
This however can of course be avoided by using other quaternization agents. A first alternative for 
silver-including metathesis consists in the use of dialkylcarbonates and more specifically dimethyl 
carbonate. A lot of research is performed nowadays to synthesize ionic liquids 156 containing the 
methyl carbonate anion. The interesting point to make about this anion is the simple metathesis 
reaction towards a whole range of ionic liquids by adding a Lewis acid which triggers the 
decomposition of the carbonate into CO2 and methanol, both of which are easily removed from the 
resulting salt (Scheme 47) providing ionic liquids 157 with the acid residue of the Lewis acid forming 
the new anion.  
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Scheme 47: Metathesis of carbonate salts. 
 
As already noticed during the quaternization using methyl iodide is the fact that these 7-azabicyclic 
amines are not extremely reactive towards different alkylating reagents. Use of 10 equivalents of 
quaternization agent is necessary for a slow but full conversion while sometimes even needing heating 
to assure reaction. Performing the quaternization with dimethyl carbonate and methanol or acetonitrile 
as the solvent, several conditions were evaluated shown in Table 17. These reactions are all 
performed in pressure vials to be able to heat the mixture far above boiling temperature. Care must be 
taken to leave enough headspace in these vials during reactions or cracking (and explosion) of the 
glass vials will occur because of the pressure build-up related to the degradation of dimethyl carbonate 
to CO2.  
 
In accordance with literature, the first try consisted of heating the amine with 5 equivalents of dimethyl 
carbonate in methanol or acetonitrile to a 110 °C during 12 hours using 7-azabicyclic compound 134d 
as the amine source. No reaction seemed to occur and the starting amine was fully recuperated after 
reaction.  A combination of higher temperature and more equivalents of dimethyl carbonate did not 
provide any improvement. Even using dimethyl carbonate as solvent gave no reaction at all. To 
activate the dimethyl carbonate, some Lewis acids were tried out. When coordinating with dimethyl 
carbonate, these acids should increase the reactivity of the system. 
 
Adding Al2O3 did not trigger any reaction and the starting amine was fully recuperated. A stronger acid, 
BF3.Et2O (20 mol%), proved to be too strong and after reaction (even at 110 °C), no starting material 
was recuperated and only a black tar was left in the vial. Also the acidic clay Montmorrilonite K-10 was 
used, ranging from 0.5 to 3 weight equivalents with regard to the amine, for the ease of removal of the 
catalyst but no reaction occurred and starting material was recuperated after filtration of the catalyst.  
 
To reduce steric hindrance during this quaternization step the bicyclic core 134b incorporating 
methylamine was evaluated, being the smallest alkyl side chain possible. Reaction using 
dimethylcarbonate combined with different doses of the Montmorillonite catalyst did not provide any 
quaternized salt. Quaternization with dimethyl carbonate did not prove feasible for this type of amines 
and this method was abandoned.  
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Table 17: Quaternization of 134 with dimethyl carbonate. 
Entry R Catalyst (equiv.) Solvent Me2CO3 Temp. Time Conversiona 
1 n-Bu / ACN/MeOH 5 equiv. 110°C 12h 0% 
2 n-Bu / ACN/MeOH 7.5 equiv. 140°C 24h 0% 
3 n-Bu / ACN/MeOH 10 equiv. 170°C 48h 0% 
4 n-Bu Al2O3 (0.2) MeOH 10 equiv. 110°C 24h 0% 
5 n-Bu Al2O3 (0.3) MeOH 10 equiv. 170°C 36h 0% 
6 n-Bu BF3.Et2O (0.2) ACN/MeOH 10 equiv. 110°C 24h Degradation 
7 n-Bu BF3.Et2O (0.5) ACN/MeOH 10 equiv. 170°C 36h Degradation 
8 n-Bu 
Montmorrilonite K-10 
(0.5 wt. Equiv.) MeOH 10 equiv. 170°C 24h 0% 
9 n-Bu 
Montmorrilonite K-10 
(1 wt. equiv.) MeOH 10 equiv. 170°C 24h 0% 
10 n-Bu 
Montmorrilonite K-10 
(3 wt. equiv.) MeOH 10 equiv. 170°C 24h 0% 
11 Me Al2O3 (0.2) MeOH 10 equiv. 110°C 24h 0% 
12 Me 
Montmorrilonite K-10 
(1 wt. equiv.) MeOH 10 equiv. 110°C 24h 0% 
13 Me 
Montmorrilonite K-10 
(3 wt. equiv.) MeOH 10 equiv. 170°C 24h 0% 
a
 Determined by LC-MS or 1H-NMR 
 
3.1.5.2. Synthesis of 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane sulf(on)ates 
 
Another approach to avoid the necessity of using two steps for the synthesis of diverse ionic liquids is 
found in the use of sulfur containing alkylating reagents. The difference compared to the previously 
described methyl carbonate salts is that these alkylsulf(on)ate based ionic liquids cannot be 
transformed afterwards into other salts by adding an acid. 
 
A. Synthesis via quaternization 
 
The synthesis of quaternary ammonium salts is usually executed through alkylation of a tertiary amine 
tantamount to the use of methylating agents in this thesis. For the synthesis of the 7-alkyl-1-cyano-7-
methyl-7-azoniabicyclo[2.2.1]heptanes with anions based on sulfur-containing compounds, some 
different methylating reagents were selected (Scheme 48): dimethyl sulfate (DMS), methyl 
methanesulfonate (MMS) and methyl p-toluenesulfonate (MTS). As is shown in Tables 18 to 20, for 
the weaker alkylating agents MMS and MTS, higher temperatures are necessary to complete the 
conversion of 7-alkyl-7-azabicyclo[2.2.1]heptane-1-carbonitriles towards the ammonium salts. 
Furthermore, in case of large excesses of methylating agents, the complete removal thereof proved to 
be rather harsh, hence decreasing the yield of these salts. Furthermore, no conversion towards 
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quaternary ammonium salts was observed for the 7-azabicyclo[2.2.1]heptanes 134 containing the 2-
ethylhexyl or  the 2-methoxyethyl side chain on the nitrogen bridge. The use of ethyl p-
toluenesulfonate as alkylating reagent failed to bring about any conversion, even after 2 days of 
heating under reflux temperature in 1,2-dichloroethane, with 7-butyl- and 7-hexyl-7-
azabicyclo[2.2.1]heptane-1-carbonitrile 134d and 134e. 
 
 
Scheme 48. 
 
Table 18: Synthesis of 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane methyl sulfates 
158. 
Entry R 
DMS 
(equiv.) Solvent Temp. Time 
Conversion 
(%)a 
158p Allyl 1.5 CH2Cl2 rt on 100 (90)b 
158d n-Bu 1.5 CH2Cl2 rt on 100 (66)b 
158e n-Hex 1.5 CH2Cl2 rt on 100 (68)b 
158g n-Oct 2 CH2Cl2 ∆ on 100 (75)b 
158k 2-Ethylhexyl 3 CH2Cl2 ∆ 2d 0 
158t 2-Methoxyethyl 2 CH2Cl2 ∆ 2d 0 
158v 147ad 1.5 ClCH2CH2Cl rt 7d 100 
158v 147ad 1.5 ClCH2CH2Cl ∆ on 100 (66)b 
158v 147ad 1.5 EtOAc ∆ on 100 (88)b,c 
a
 Reaction monitored by LC-MS; b Isolated yield between brackets; c Product directly separated through filtration; d 
Substrate. 
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Table 19: Synthesis of 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane 
methanesulfonates 159. 
Entry R 
MMS 
(equiv.) Solvent Temp. Time 
Conversion 
(%)a 
159p Allyl 1.5 ACN ∆ on 100 
159d n-Bu 1.5 ACN ∆ on 0 
159e n-Hex 1.5 ACN ∆ on 100 (72)b 
159g n-Oct 5 ACN ∆ 7d 100 (49)b 
159k 2-Ethylhexyl 5 ACN ∆ 7d 0 
159t 2-Methoxyethyl 5 ACN ∆ 2d 0 
159v 147ac 2 ClCH2CH2Cl ∆ 4d 50 
a
 Reaction monitored by LC-MS; b Isolated yield between brackets; c Substrate. 
 
Table 20: Synthesis of 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane p-
toluenesulfonates 160. 
Entry R 
MTS 
(equiv.) Solvent Temp. Time 
Conversion 
(%)a 
160p Allyl 2 ACN ∆ 2d 0 
160d n-Bu 1.5 ACN rt 4d 100 (78)b 
160d n-Bu 2.5 ACN ∆ 2d 100 (54)b 
160e n-Hex 2 ACN ∆ 5d 100 (53)b 
160g n-Oct 2 ACN ∆ 7d 100 (49)b 
160k 2-Ethylhexyl 3 ACN ∆ 7d 0 
160t 2-Methoxyethyl 2 ACN ∆ 2d 0 
160v 147ac 2 ClCH2CH2Cl ∆ 4d 30 
a
 Reaction monitored by LC-MS; b Isolated yield between brackets; c Substrate. 
 
B. Synthesis via metathesis 
 
To be able to synthesize sulf(on)ate anion containing ionic liquids in a more straightforward way, 
another method was evaluated and compared with the quaternization methods described above. In 
literature, there are few examples of the metathesis reaction of a ammonium halide in general with a 
methylating reagent. This metathesis reaction was further examined using the 7-alkyl-1-cyano-7-
methyl-7-azoniabicyclo[2.2.1]heptane iodides 142 and various sulf(on)ates, seen in Scheme 49. 
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Scheme 49. 
 
Several advantages over the direct methylation with the corresponding methylating agent were 
observed. First of all the metathesis reaction proved to be quite a bit faster than the quaternization 
reaction, attaining full conversion after stirring overnight to open air and using the strong methylating 
agent methyl trifluoromethanesulfonate, full conversion is obtained after no more than 5 minutes. 
Secondly, the metathesis reaction is applicable on a wider range of substrates as can be seen from 
the reactions with the bridged derivative 148a which are completed in a rather short period of time as 
compared with the quaternization reaction described in the previous paragraph and finally, the 
resulting ionic liquids can be simply purified by stirring them with ether (or ethyl acetate for derivatives) 
followed by decantation of the organic solvent or direct filtration to recover the pure ionic liquid. An 
overview of the salts synthesized by sulf(on)ate metathesis is given in Table 21.  
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Table 21: Overview of yields and melting points of 7-alkyl-1-cyano-7-methyl-7-
azoniabicyclo[2.2.1]heptane sulf(on)ates, synthesized through sulf(on)ate metathesis.a 
Entry R [CH3SO4]- [CH3SO3]- [CH3C6H4SO3]- [CF3SO3]- 
1 147ab 
57% 
211.0°C 
81% 
187.0°C 
79% 
163.0°C 
62% 
178.0°C 
2 i-Bu 
62% 
< rt 
78% 
94.0°C 
74% 
130.0°C 
94% 
74.0°C 
3 i-Am 
54% 
< rt 
/ 
76% 
159.0°C 
96% 
112.0°C 
4 2-Tetrahydrofurfurylmethyl 
67% 
102.0°C 
77% 
< rt 
73% 
173.0°C 
94% 
133.0°C 
5 Me / / / 
72% 
232.0°C 
6 n-Hept / / / 
84% 
115.0°C 
a
 [CH3SO4]- = 158, [CH3SO3]- = 159, [CH3C6H4SO3]- = 160, [CF3SO3]- = 161; b Substrate. 
 
C. Attempted synthesis of acid-functionalized ionic liquids (AILs) 
 
The synthesis of dicationic acidic ionic liquids has earlier been described in Chapter 2: Literature 
overview. The ionic liquids were to react with a sultone, i.e. a cyclic sulfonate, which yield a zwitterion 
that can be transformed in an ionic liquid using strong acids such as sulfuric or triflic acid. The 
sulfonate group is thus protonated and can be used as an acidic site in e.g. acid catalyzed reactions in 
ionic liquids. 
 
The synthesis of such AILs starting from 7-alkyl-7-azabicyclo[2.2.1]heptane-1-carbonitriles 134 was 
evaluated with 1,4-butane sultone (Scheme 50). However, this reaction suffers from the same 
problems as described for the alkylation of the bicyclic amines with larger alkyl chains. Only 7-methyl-
7-azabicyclo[2.2.1]heptane-1-carbonitrile 134b could be converted into the corresponding sulfonate 
zwitterion 162 in a yield of 67% (Table 22). Subsequent conversion into 163 AIL by adding 1 
equivalent of sulfuric or triflic acid in toluene at 100 °C did not succeed. 
 
Scheme 50: Attempted synthesis of AILs. 
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Table 22: Synthesis of 4-(7-alkyl-1-cyano-7-azoniabicyclo[2.2.1]heptan-7-yl)butane-1-sulfonates 
162. 
Entry R 
Sultone 
(equiv.) 
Temp. 
(°C) Time 
Conversion 
(%)a 
162b Me 1.5 + 1.5b 90 3d 100 (67)c 
162d n-Bu 3 rt to 90 3d 0 
162i i-Bu 3 rt to 90 3d 0 
162j i-Am 3 rt to 90 3d 0 
162v 147ad 3 rt to 90 3d 0 
a
 Reaction monitored by TLC; b Second portion of 1,4-butane sultone added after 40h; c Isolated yield between 
brackets; d Substrate. 
 
3.1.6. Applications of 7-azoniabicyclo[2.2.1]heptane ionic liquids 
 
3.1.6.1. Baylis Hillman reaction 
 
In order to examine the window of use of the newly developed 7-azabicyclo[2.2.1]heptane ionic 
liquids, some different reactions have been conducted in these salts. The Morita-Baylis-Hillman 
reaction quite often appears in literature to assess the base stability of ionic liquids, especially for 
imidazolium ionic liquids which can form carbenes by deprotonation as has previously been elaborated 
in the literature overview. Different modified imidazolium cations have been synthesized to overcome 
this base instability, but other cations have been tested as well such as pyridinium ionic liquids.194 
Morita-Baylis-Hillman reactions often suffer from long reaction times but it has been proven that the 
reaction can be sped up by performing the reactions in polar solvents such as methanol or acetonitrile 
which have been pointed out as the best solvents for this transformation. In this respect, ionic liquids 
can be interesting due to their polar nature combined with the possible re-use of solvent. 
 
The Baylis-Hillman reaction was evaluated using a variety of different aromatic aldehydes 
(benzaldehyde derivatives). First the reaction was tested with 4-chloro and 4-nitrobenzaldehyde in 1-
cyano-7-isobutyl-7-methyl-7-azoniabicyclo[2.2.1]heptane bis(trifluoromethylsulfonyl)imide ([Ciso-
4C1ABH][Tf2N]) 146i and 1-cyano-7-(2-methoxyethyl)-7-methyl-7-azoniabicyclo[2.2.1]heptane 
bis(trifluoromethylsulfonyl)imide ([C2O1C1ABH][Tf2N]) 146t using 2 equivalents of methyl acrylate and 
DABCO (Scheme 51). Isolation of reaction products after reaction is done by stirring the mixture with 
ether followed by flash chromatography of the residue after evaporation. Variation of the equivalents of 
base and acrylate were evaluated in [Ciso-4C1ABH][Tf2N] 146i and [C2O1C1ABH][Tf2N] 146t (Table 23).  
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Scheme 51. 
 
Table 23: Baylis-Hillman reaction in ionic liquids 146. 
Entry IL 
R DABCO 
equiv. 
Acrylate 
equiv. 
Time Yield (%)a 
1 [C
 iso-4C1ABH][Tf2N] 146i Cl 2 2 10h 83 
2 [C2O1C1ABH][Tf2N] 146t Cl 2 2 10h 97 
3 [C
 iso-4C1ABH][Tf2N] 146i Cl 1 1.25 11h  84 
4 [C2O1C1ABH][Tf2N] 146t Cl 1 1.25 11h 96 
5 [Ciso-4C1ABH][Tf2N] 146i Cl 0.5 1.05 16h 82 
6 [C2O1C1ABH][Tf2N] 146t Cl 0.5 1.05 16h 88 
7 [C
 iso-4C1ABH][Tf2N] 146i NO2 2 2 30min 85 
8 [C2O1C1ABH][Tf2N] 146t NO2 2 2 30min 86 
9 [C
 iso-4C1ABH][Tf2N] 146i NO2 1 1.25 15min n.d.b 
10 [C2O1C1ABH][Tf2N] 146t NO2 1 1.25 15min n.d.b 
a
 Isolated yield; b not determined. 
 
Several different ionic liquids were evaluated with 4-chlorobenzaldehyde, 1 equivalent of DABCO and 
2 equivalents of methyl acrylate (Scheme 52), proving 1-cyano-7-((tetrahydrofuran-2-yl)methyl)-7-
methyl-7-azoniabicyclo[2.2.1]heptane bis(trifluoromethylsulfonyl)imide ([C1THFC1ABH][Tf2N]) 146u to 
provide the fastest conversion of the aldehyde to its adduct (Table 24). Dicyanamide ionic liquid 
[C6C1ABH][N(CN)2] 145e provides a two times faster conversion of 4-chlorobenzaldehyde than the 
corresponding bistriflimide ionic liquids 146e. Other bases than DABCO were evaluated for the 
reaction of 4-chlorobenzaldehyde with methyl acrylate in [C7C1ABH][Tf2N] 146f. However, 
triethylamine and pyrrolidine did not provide any conversion after 24h, while the formation of the 
adduct under influence of DBU was very slow compared to DABCO. A myriad of different aldehydes 
were converted to their respective adducts using DABCO and methyl acrylate in [Ciso-4C1ABH][Tf2N] 
146i of which results are shown in Table 25 and Scheme 53. The obtained results are in accordance 
with literature. 
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Scheme 52: Conversion of aldehydes to their respective adducts in different new ionic liquids. 
 
Table 24: Influence of substitution of ionic liquids on the reaction rate of the Baylis-Hillman 
reaction of 4-chlorobenzaldehyde with methyl acrylate. 
Entry IL R Time Yield (%)a 
1 [C4C1ABH][Tf2N] 146d Cl 12h n.d.b 
2 [C6C1ABH][Tf2N] 146e Cl 10h n.d.b 
3 [C1THFC1ABH][Tf2N] 146u Cl 4h 93 
4 [C2-EthexC1ABH][Tf2N] 146k Cl 12h n.d.b 
5 [C8C1ABH][N(CN)2] 145g Cl 6h 86 
6 [C6C1ABH][N(CN)2] 145e Cl 5h n.d.b 
7 [C8C1ABH][N(CN)2] 145g NO2 15min 87 
8 [C6C1ABH][N(CN)2] 145e NO2 30min 81 
a
 Isolated yield; b not determined. 
 
 
Scheme 53: MBH-reaction of a variation of aldehydes. 
 
 
Table 25: Baylis-Hillman reaction of various benzaldehyde derivatives with methyl acrylate in 
  ionic liquid [Ciso-4C1ABH][Tf2N] 146i. 
Entry R Time 
Conversion 
(%)a,b 
1 2-OMe 72h 56 
2 4-OMe 24h 5 
3 2-Me 24h 35 
4 3-Me 72h 80 
5 4-Me 24h 30 
6 2-Cl 16h 100 (62) 
7 3-F 24h 100 
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8 4-Br 72h 100 
9 4-CF3 8h 100 
10 2,6-Dichloro 30h 100 
11 4-CN 2h 100 (85) 
12 2,4-Dimethoxy 72h 0 
13 2,5-Dimethoxy 72h 57.5 
14 3-OH-4-OMe 24h 15 
15 2-Methoxycinnamaldehydec 24h 20 
a
 Reactions monitored by LC and GC; b Isolated yield between brackets; c The substrate for the MBH-reaction 
consisted of this α,β-unsaturated aldehyde. 
 
3.1.6.2. Grignard reaction 
 
In the foregoing paragraph, the Baylis-Hillman reaction makes use of relatively weak bases such as 
DABCO. However, several type of reactions make use of bases that are a lot stronger such as n-BuLi. 
Another example of reactions conducted with strong bases are Grignard reactions, where the Grignard 
reagent itself cannot only act as a nucleophile but also as a base. Therefore, the newly synthesized 7-
azoniabicyclo[2.2.1]heptane ionic liquids were also tested as suitable media for Grignard reactions 
(Scheme 54) to obtain a good assessment of their more general stability towards several type of 
common reagents.  
 
To this end, ionic liquid [Ciso-4C1ABH][Tf2N] 146i and 146t were mixed with the commercially available 
Grignard reagents ethylmagnesium bromide and vinylmagnesium bromide, both as a 1M solution in 
THF. Ethereal solutions of Grignard reagent form a biphasic system with the IL and were thus not 
used in this thesis. These ionic liquids were chosen to investigate a possible influence of the ethereal 
side chain of the ionic liquid on the solubility of the Grignard reagent through a coordination between 
the side chain (via oxygen) and the metal reagent. However, their proved to be no difference and the 
Grignard reagent dissolved as easily in the aliphatic ionic liquid 146i compared to the ethereal ionic 
liquid 146t. Also, the possibility of preparing the Grignard reagent directly in the ionic liquid was 
investigated but both 146i and 146t were unable to dissolve the magnesium metal, so this attempt was 
abadoned and commercial solutions of the Grignard reagents were used.  
 
After dissolving the starting ketones into the ionic liquid, the Grignard reagents were added dropwise 
to the ionic liquid solution at 0 °C. After reaction, a 2N HCl solution was added and the mixture 
extracted with ether followed by GC analysis of the ethereal phase.  
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Scheme 54: Grignard reactions in the newly synthesized ionic liquids 146. 
 
Table 26: Grignard reaction of selected ketones in ILs 146. 
Entry IL R1 R2 R 
Grignard 
(equiv.) 
Time Conversion 
(%)a 
1 [Ciso-4C1ABH][Tf2N] 146i -(CH2)5 Et 2.5 2h 100 
2 [C2O1C1ABH][Tf2N] 146t -(CH2)5 Et 2 2h 80 
3 [Ciso-4C1ABH][Tf2N] 146i -(CH2)5 Vinyl 2 2h 100 
4 [Ciso-4C1ABH][Tf2N] 146i CH3 CH2CH2CH3 Et 2 1h 100 
5 [Ciso-4C1ABH][Tf2N] 146i CH3 CH2CH2CH3 Vinyl 2 1h 100 
6 [Ciso-4C1ABH][Tf2N] 146i Ph CH2CH3 Et 2 1h 100 
7 [Ciso-4C1ABH][Tf2N] 146i Ph CH2CH3 Vinyl 2 1h 100 
a
 Reactions monitored by GC. 
 
After reaction, the water/ionic liquid phase was extracted with CH2Cl2 to try to recycle the bistriflimide 
ionic liquids. Here, a significant difference is observed between the two Grignard reagents. Where the 
ionic liquids used in the Grignard reaction with vinylmagnesium bromide showed almost no 
degradation, the ionic liquids used with ethylmagnesium bromide are converted up to 33% into the 
corresponding Grignard product 171 leaving a mixture of two (inseparable) ionic liquids. The ionic 
liquids are thus not degraded by the base, but rather undergo nucleophilic reactions at the nitrile 
moiety. 
 
 
 
3.1.6.3. Coupling reactions 
 
In view of the possible recyclability of ionic liquids, combined with a generally good solubility of metal 
species in these salts, metal-catalyzed coupling reactions such as Sonogashira and Suzuki coupling 
reactions have been investigated in this thesis (Scheme 55). The aim was to investigate the possibility 
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to execute these reactions in the newly synthesized 7-azoniabicyclo[2.2.1]heptane ionic liquids whilst 
examining the possibility of recycling the ionic liquid together with the catalytic system after reaction. 
 
However, Sonogashira coupling of bromobenzene with phenylacetylene, catalyzed by 1 mol % of 
PdCl2(PPh3)2 and Cu(I)I, proceeded very sluggish with only about 50% of conversion after 24 hours. 
The conversion could not be improved by adding an extra amount of catalyst or by longer reaction 
times. Suzuki coupling of bromobenzene with phenylboronic acid catalyzed by Pd(PPh3)4 or Pd(OAc)2 
did prove to be successful either. Therefore, these coupling reactions were not evaluated further in the 
azabicyclic ionic liquids. 
 
 
Scheme 55: Sonogashira- and Suzuki-coupling. 
 
The newly synthesized 1-cyano-7-azoniabicyclo[2.2.1]heptane bis(trifluoromethylsulfonyl)imides and 
dicyanamides can thus be used as solvents and additives in several organic reactions and did not 
prove to be vulnerable to bases. However, they can react with strong nucleophiles present in the 
reaction mixture as can be seen from the reaction of the nitrile group with ethylmagnesium bromide. 
On one side, they are well suited for Baylis-Hillman reactions with various aldehydes where they tend 
to act as accelerator for the formation of the adducts. On the other side they proved to be unsuitable 
for Pd-catalyzed coupling reactions such as Sonogashira and Suzuki reactions. 
 
3.1.7. Conclusions 
 
The synthesis of 1-cyano-7-azoniabicyclo[2.2.1]heptane ionic liquids starts from 1,4-cyclohexanedione 
monoethylene acetal 22 which was transformed into 4-(4-toluenesulfonyloxy)cyclohexanone 141. This 
cyclohexadione derivative containing a leaving group on the C4 position was used a the precursor for 
the formation of the azabicyclic system. 7-Azabicyclo[2.2.1]heptane-1-carbonitriles 134 are 
synthesized in pressure vials where a primary amine will form the corresponding imine in situ which 
will then react with a cyanide anion, generated from acetone cyanohydrin, towards the 7-
azabicyclo[2.2.1]heptane ring structure (Scheme 56). The thus formed amines were subsequently 
transformed into a variety of ionic liquids via different methods. Some of the obtained ionic liquids were 
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tested and proved to possess an excellent thermal and good electrochemical stability. These liquids 
were also evaluated as solvents and additives in several organic reactions and seem to provide an 
excellent alternative to common organic solvents in certain applications. 
 
OO
O
4 steps
N
R
NC
22 134
N
R
NC
Me
A
143 - 146
158 - 161
A = NO3, BF4, N(CN)2,
NTf2, CH3SO4,
CH3SO3, CF3SO3
and p-CH3C6H4SO3  
Scheme 56: Synthetic pathway towards new ionic liquids. 
 
The thermal stability of the tested bis(trifluoromethylsulfonyl)imide ionic liquids reveals a thermal 
stability of the salts up to 300°C. Added to their glass transition points of around -35°C, this reveals a 
liquid range of 335°C, which is comparable to the commercially available imidazolium ionic liquids and 
the common ammonium ionic liquids based on quaternary ammonium or pyrrolidinium and 
piperidinium species. 
 
The electrochemical stability of the new 7-azoniabicyclo[2.2.1]heptane ionic liquids is best for the 
bis(trifluoromethylsulfonyl)imide derivatives. It ranges from 3.05 to 4.29 V at 0.1 A.dm-2 or even from 
3.65 to 5.14V at 0.2 A.dm-2. The dicyanamide derivatives have a lower stability with an 
electrochemical window up to 3.33V which can be attributed to a polymerization reaction at the anode 
by the dicyanamide anion. As can be seen in the literature overview, quaternary ammonium species 
generally possess a better electrochemical stability than e.g. the ionic liquids based on aromatiuc 
species such as imidazolium ionic liquids. Comparing the new ABH ionic liquids with them, it strikes 
that they possess an electrochemical window that is nearly the same as that of common imidazolium 
ionic liquids.  
 
However, comparing the ABH-based ionic liquids with the stability of other bicyclic ionic liquids, they 
possess a rather low electrochemical stability. DABCO based ionic liquids possess a window of 
around 4.5V or more as stated by Forsyth et al.,142 while the ionic liquids based on a 3-
azabicyclo[3.2.2]nonane skeleton 119 containing bistriflimide, prepared by Hollenkamp et al. as 
mentioned in Section 2.2,152 even possess an electrochemical window that reaches up to 6V which is 
comparable to N,N-methylpropylpiperidinium bistriflimide.  
 
Deng et al. investigated the electrochemical stability of several nitrile containing ionic liquids and 
concluded the presence of the nitrile moiety to improve the electrochemical stability compared to their 
unsubstituted analogues. They found the windows to range from 4.4 (imidazolium based) to 5.8V (for 
ammonium based ionic liquids).195 The newly synthesized ABH ionic liquids based on an aliphatic side 
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chain on the nitrogen atom also fall into this range. The conclusion that can be drawn from the 
electrochemical study of the ionic liquids synthesized in this thesis seems to indicate towards a good 
general stability with regard to different ionic liquid species that exist today. However, several bicyclic 
ionic liquids seem to reach even higher electrochemical windows. Electrochemical tests seem to point 
at the fact that the bicyclic core of the ionic liquid is not strong enough to withstand higher voltages. To 
this end, the dimethylated azanorbornane skeleton might prove to be more stable, containing no α-
protons. 
 
The applicability of the ABH ionic liquids for some selected organic transformations proved to be very 
good. The first reaction  that was evaluated was the Morita-Baylis-Hillman reaction. The evaluation of 
this reaction in ionic liquids was done because of the polar nature of the ionic liquid which leads to an 
accelaration of the reaction. As mentioned in section 2.1,  Afonso et al. studied this reaction using 
ionic liquids based on imidazolium cations and found rather low yields. This was later proven to be 
caused by a reaction between a carbene, formed through deprotonation of the imidazolium moiety, 
and the starting aldehyde. Several other reserch groups then developed some more base-stable 
imidazolium derivatives. However, the new ABH ionic liquids are not sensitive to bases such as 
DABCO and proved to be a well suitable reaction medium. The Baylis-Hillman reaction proceeded 
quite rapidly in the ionic liquids together with a good recovery of the reaction products, seperable from 
the ionic liquid with diethylether. Especially the ethereal ionic liquids 146t and 146u, along with the 
dicyanamide containing ionic liquids 145e and 145g, proved very suitable for the Baylis-Hillman 
reaction.  
 
The results obtained are comparable to the findings of other research groups. Chen et al. used 
pyridinium-based ionic liquids, which seem to accelerate the reaction a littlke bit more than the ABH-
based ionic liquids but provide a lower yield in general (ranging from 58 to 83%) compared to the new 
ionic liquids with the 7-azoniabicyclo[2.2.1]heptane skeleton (81 to 97%).194 Chu and coworkers 
performed this reaction in a modified imidazolium ionic liquid which was methylated at the 2-position to 
avoid carbene formation and obtained good product yield but a rather slow reaction, taking 24 hours to 
completion as compared to 4 hours for the ABH ionic liquids using 4-chlorobenzaldehyde.92 The newly 
synthesized ABH-based ionic liquids seem to provide a good combination between rate acceleration of 
the reaction and seperation and yield of the Baylis-Hillman adduct.  
 
Using the ionic liquids for Grignard reaction is not as clear. When performing the reaction with 
vinylmagnesium bromide, the ionic liquid stays intact but changing the Grignard-reagent to 
ethylmagnesium bromide leads to an irreversible loss of the ionic liquid which reacts xith the Grignard 
reagent. To obtain a more suitable ionic liquid, the nitrile functionality will have to be transformed to a 
base stable group. 
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3.2 Synthesis of 1,4-dimethyl-7-azabicyclo[2.2.1]heptane based ionic liquids via 
a Diels-Alder approach 
 
3.2.1 Synthesis of the 1,4-dimethyl-7-azabicyclo[2.2.1]heptane skeleton 
 
When searching the literature for synthetic methods towards the bicyclo[2.2.1]heptane skeleton, the 
Diels-Alder reaction between a cyclopentadiene derivative and a suitable dienophile is a viable 
method for the synthesis of such bicyclic derivatives. In casu of an azabicyclic skeleton this comes 
down to using pyrrole derivatives and both epibatidine196,197 18 and epiboxidine198 were already 
synthesized starting from the Diels-Alder reaction, as was e.g. Tamiflu199 amongst other examples of 
the use of this synthetic strategy.200,201 Other analogues of epibatidine have also been synthesized 
through dipolar cycloadditions using pyrroles.202  
 
Before executing the Diels-Alder reaction, some well suitable pyrroles and dienophiles have to be 
selected and/or prepared. When simply using pyrroles with a linear alkyl chain on nitrogen, no reaction 
at all will occur due to the large energy gap between the LUMO of the pyrrole and the HOMO of the 
dienophile. In order to be able to synthesize the bicyclic skeleton using pyrroles, these heterocycles 
must bear a strong electron withdrawing group on the nitrogen atom in order to improve the reactivity 
of the aromatic ring system towards alkenes and alkynes.  
 
In a previously executed synthesis of epibatidine,196 the synthetic pathway starts with a Diels-Alder 
reaction using N-Bocpyrrole and methyl 3-bromopropiolate. In order to obtain 1,4-dimethyl-7-
azoniabicyclo[2.2.1]heptane compounds bearing no α-hydrogen atoms on the two bridgehead carbon 
atoms 180, the synthesis of the skeleton is initiated from 2,5-dimethylpyrroles 177. These pyrroles can 
be synthesized from 2,5-hexanedione 175 as depicted in Scheme 57.  
 
Scheme 57: Retrosynthetic analysis to 1,4-dimethyl-7-azoniabicyclo[2.2.1]heptane cations 180. 
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Pyrrole synthesis was attempted from 2,5-dimethoxytetrahydrofuran and FeCl3203 or 2,5-hexanedione, 
combined with Montmorillonite KSF-clay or iodine,204 and sulphonamides, but no pyrrole derivatives 
were obtained. In order to be able to synthesize these pyrroles bearing a strong electron withdrawing 
group on the nitrogen, 2,5-hexanedione has to be modified to make it more reactive than the dione 
itself. Due to the decreased nucleophilicity of the starting sulfonamides (or carbamates) caused by the 
nitrogen substituent that draws away the electron density from the nitrogen atom these do not react 
easily the target dione. Following Gryko et al., 2,5-hexanedione is therefore transformed into 2,2,5,5-
tetraethoxyhexane 181, which is more reactive than the dione, using ethanol and triethylorthoformate 
(in a ratio of 3:7:10 respectively) whilst adding a few drops of concentrated H2SO4.205,206 This is 
followed by the reaction of the starting amides 182 with the dione derivative 181 and 1 equivalent of 
P2O5 in boiling toluene (Scheme 58). The mixture is allowed to react for 30 min after which it is cooled 
to room temperature and NaOH is added. Extraction with EtOAc and subsequent washing of the 
organic phase with brine and column chromatography of the evaporated residue yields the substituted 
pyrroles 177 (Table 27) with different EWGs on nitrogen. These substituents are chosen in order to 
evaluate the deprotection of the nitrogen atom at the end of the reaction sequence. Only reaction with 
2,2,2-trifluoroacetamide did not yield any product. 
 
 
Scheme 58: Synthesis of N-substituted 2,5-dimethylpyrroles. 
 
Table 27: Overview of pyrrole synthesis with diverse sulphonamides, carbamates or amides. 
Entry R Yield (%)a 
177a Ms 86 
177b Boc 89 
177c Cbz 90 
177d Ts 93 
177e o-Bs 78 
177f p-Bs 96 
177g o-Ns 75 
177h p-Ns 90 
177i DMASb 92 
177j DEPc 89 
177k C(O)CF3 0 
a
 Yields obtained after chromatography; b N',N'-Dimethylaminosulfonyl; c Diethylphosphoryl. 
 
The dienophiles which are employed in the Diels-Alder reaction must also contain electron 
withdrawing groups on the two alkyne carbons for the reaction to work. Methyl 3-bromopropiolate 183 
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presents a suitable alkyne which is rather interesting because of its high reactivity and to open some 
synthetic possibilities by introducing different functionalities onto the azabicyclic structure. This alkyne 
is synthesized by stirring methyl propiolate and 1.2 equivalents of N-bromosuccinimide with 0.1 
equivalents of AgNO3 for 2 hours in acetone.207 After reaction, the solids are filtered off and the 
resulting solution is evaporated and distilled at reduced pressure to obtain methyl 3-bromopropiolate 
183 as a colorless liquid (Scheme 59). Care has to be taken however since this compound is a very 
strong lacrymating agent. 
 
COOMe
0.1 equiv. AgNO3
1.2 equiv. NBS
Acetone, r.t., 2h
COOMe
Br
176 183
 
Scheme 59: Methyl 3-bromopropiolate 183. 
 
Synthesizing the 7-azabicyclo[2.2.1]heptane core via the Diels-Alder reaction with pyrroles requires 
high temperatures, so the reaction is performed in refluxing toluene with 5 equivalents of pyrrole. 
However, only pyrrole derivatives 177a and 177i, bearing a small sulfonyl group on the nitrogen atom, 
provide a good yield for the azabicyclo[2.2.1]heptane derivative after column chromatography, hereby 
recuperating 70 to 75% of the starting pyrrole, which thus can be recycled in this reaction, and 
obtaining compounds 184d and 184n in a good yield of 79% and 52% respectively. To try and extend 
this methodology, other dienophiles were tested under the same reaction conditions using mesylated 
pyrrole 177a. Using di-ester substituted alkynes, dimethyl and diethyl acetylenedicarboxylate, the 
azabicyclic skeleton was obtained in yields of 71 and 49% respectively. The Diels-Alder reaction 
towards formation of 184b was not successful, confirming the necessity of the presence of two 
electron withdrawing groups on the alkyne (Scheme 60, Table 28).  
 
 
Scheme 60: Diels-Alder reaction of pyrroles 177 with selected alkynes. 
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Table 28: Diels-Alder reaction towards 1,4-dimethyl-7-azabicyclo[2.2.1]hepta-2,5-dienes 184. 
Entry R R1 R2 Time Yield (%)a 
184a Ms H H 24h 0b,c 
184b Ms Ph Me 48h 0b 
184c Ms Cl Me 48h 0b 
184d Ms Br Me 48h 79 
184e Ms COOMe Me 60h 71 
184f Ms COOEt Et 60h 49 
184g Boc Br Me 96h 16 
184h Cbz Br Me 96h 13 
184i Ts Br Me 48h 0b 
184j o-Bs Br Me 48h 0b 
184k p-Bs Br Me 48h 0b 
184l o-Ns Br Me 48h 0b 
184m p-Ns Br Me 48h 0b 
184n DMAS Br Me 48h 52 
184o DEP Br Me 72h 9 
a
 Yields obtained after chromatography; b no conversion of starting materials observed; c Addition of 0.2 
equivalents of (2-bromophenyl)boronic acid did not trigger reaction. 
 
On the other side, the carboxyl group substituted pyrroles 177b and 177c provided the azabicyclic 
compounds only in a yield around 15%, even after 96 hours of reaction. The electron withdrawing 
effect of this kinds of substitution pattern is clearly insufficient to enable the Diels-Alder reaction. 
Unexpectedly, the Diels-Alder reaction using pyrroles substituted with phenylsulfonyl derivatives (a 
tosyl, nosyl and brosyl group, entries 177d to 177h in Table 27) did not yield the bicyclic structure. 
Instead, the starting materials were recovered in almost 100%. Also, diethylphosphorylpyrrole 177j 
only yielded the bicyclic derivative 184o in about 9% as a dark brown oil. 
 
Attempting to shorten the reaction time and to broaden the scope of the reaction, catalysis with (2-
bromophenyl)boronic acid of the Diels-Alder reaction between 177a and some alkynes was evaluated 
(Scheme 61). Hall et al. observed a significant improvement on the reaction rate and yield of propiolic 
acid derivatives and various dienes,208 but no improvement of the reaction rate was observed in the 
Diels-Alder reaction with pyrroles. When using alkenes with the same substituents, no conversion of 
the starting material was observed. To try and increase the reactivity of the alkenes, Lewis' acid was 
added to the reaction mixture to evaluate their reaction accelerating effect.209 Unfortunately, even after 
adding 20 mol% of Lewis' acid, almost no improvement of the reactivity was observed (Table 29). 
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Scheme 61: Catalyzed Diels-Alder reactions with pyrrole 177a. 
 
Table 29: (Lewis') acid catalysis of Diels-Alder reaction with pyrroles. 
Entry 
Pyrrole 
equiv. 
ArB(OH)2 AlCl3 R1 R2 
Temp. 
(°C) Time 
Conversion 
(%)a 
1b 2 0.2 / H COOH Rt 24h SMc 
2b 5 0.2 / H COOH ∆ 48h 2 
3d 5 0.2 / COOH COOH ∆ 48h 3 
4d,f 5 0.2 / COOH COOH ∆ 48h 3 
5d 5 / / COOEt COOEt ∆ 60h SMc 
6d 5 / 0.1 COOEt COOEt ∆ 60h SMc 
7d 5 / 0.2 COOEt COOEt ∆ 60h SMc 
8d 3 / 0.2 COOEt COOEt ∆ 60h 3 
9d 1 / 0.2 COOEt COOEt ∆ 60h 5 
10d 5 / 0.2e COOEt COOEt ∆ 60h SMc 
a
 Conversion from LC-MS or GC-analysis; b Reaction performed in CH2Cl2; c no conversion of starting materials 
observed; d Reaction performed in toluene; e 0.02 equivalents of AlMe3 was added; f Reaction with maleic acid. 
 
The 7-azabicyclo[2.2.1]heptane skeleton was also obtained by Gore et al. who used a Diels-Alder 
reaction of 2,5-dimethylpyrrole, substituted at nitrogen with different groups, in water accelerated by 
the use of ultrasound. They found the reaction to proceed best with pyrroles substituted with different 
carbamates because of their reasonable solubility in water. The reaction however was rather sluggish 
and did not reach full conversion even after prolongued reaction times of 5 weeks (!) using an excess 
of dienophile. Using other substituted pyrroles such as with sulfonyl or trimethylsilyl groups did not 
trigger any ring-closure reaction. However they did obtain the electrophilic addition products as was 
the same with non-substituted 2,5-dimethylpyrrole.210 
 
Compared to the Diels-Alder reaction in toluene, the above described synthesis provides the opposite 
result. However, due to the aformentioned insolubility of the sulfonyl substituted pyrrole in water, its 
good solubility in toluene seems all that is needed to ensure reaction with good yield. However, the 
carbamate based pyrrole derivatives as used by Gore do not provide good reaction yields in toluene, 
with a total yield of only around 10% as compared to the 51% obtained by Gore et al. 
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3.2.2 Synthesis of the ionic liquid precursor 1,4-dimethyl-7H-7-
azabicyclo[2.2.1]heptane 
 
To assess the synthetic route leading to the 1,4-dimethyl-7H-7-azabicyclo[2.2.1]heptane structure, 
transformations were first executed on the mesylated derivative 184d. The bromine atom present in 
this compound can be used for certain transformations like introducing some more functionalities on 
the cyclohexane ring or eliminating the bromine altogether with the double bonds. First, the 
transformation of the brominated alkene moiety to a ketone was tried in order to be able to introduce 
an alcohol or ether function or to be able to perform a decarboxylation using the formed β-ketoester on 
the cyclohexane ring. Using a procedure by Trudell et al., conversion of the bromo alkene was 
attempted using a slight excess of diethylamine and a large excess of triethylamine.196 After reaction in 
acetonitrile at room temperature, the mixture was quenched with HCl. β-ketoester 187 however was 
not observed after work-up of the reaction. To be able to obtain the ketone, the bromoalkene was 
treated with an excess of a 1M solution of NaOMe in methanol yielding ketal 188 in 58% as a white 
powder after flash chromatography. Acid hydrolysis of this ketal to the ketone however was 
unsuccesful and ketal 188 was fully recovered after reaction (Scheme 62). Apparently, this ketal is 
quite stable and is not easily hydrolised, which was concluded by Leroy,211 who examined this acid 
catalyzed hydrolysis of the acetal on the 7-oxabicyclo[2.2.1]heptane structure. Da Silva and coworkers 
also examined the acid hydrolysis and stated two reasons for the resistance against hydrolysis: (1) the 
(negative) inductive effect of oxygen on the formation of the carbocation on the C3-position and (2) the 
possibility of stabilization of the intermediate positively charged species by conjugation of the C3-
position with the double bond.212 This most probably also is the case here for the azabicyclic system.  
 
 
Scheme 62: Attempted conversion of 184d to β-ketoester 187. 
 
Results and discussion 
 
 79 
A second method consists in the reduction of the double bond while meanwhile eliminating the 
bromine atom from the C3-position. By adding a slight excess of NEt3 to a solution of 184d in 
methanol with Pd/C under an atmosphere of H2-gas, the bromine atom can be eliminated through 
hydrogenation of the double bond and elimination of HBr, where the resulting double bond will be 
hydrogenated again, leaving the dehalohydrogenated compound 190d after filtration of the Pd-species 
and removal of the formed ammonium salt. Unfortunately, hydrogenation of diethylphosphoryl 
derivative 184o did not yield the dehalohydrogenated species but a mixture of several compounds. 
The results of these hydrogenation reactions are shown in Scheme 63 and Table 30. 
 
 
Scheme 63. 
 
Table 30: Hydrogenation conditions for bicyclo[2.2.1]hepta-2,5-dienes. 
Entry R R1 R2 Additive Solvent R3 Yield (%)a 
189d Ms Br Me / Cyclohexane Br 52 
190d Ms Br Me 1.1 equiv. NEt3 MeOH H 68 
190e Ms COOMe Me / MeOH COOMe 31 
190f Ms COOEt Et / MeOH COOEt 56 
190n DMAS Br Me 1.1 equiv. NEt3 MeOH H 60 
190o DEP Br Me 1.1 equiv. NEt3 MeOH H Comp. mix. 
a
 Yields obtained after chromatography 
 
However, in both type of hydrogenation reactions described above, the double bond on the C5-
position is reacted away. This means that, in order to be able to introduce some more functionalities 
besides the ester moiety, this has to be done before hydrogenation. Introducing alcohol or ether 
groups in this way could have the advantage of e.g. increasing the solubility of metal-species in the 
envisioned ionic liquids. To this end, dihydroxylation of the double bond can serve both the removal of 
the double bond as well as introducing the alcohol groups.  
 
The dihydroxylation towards the syn-diol was first attempted using OsO4 in combination with NMO in 
varying solvent mixtures of acetone:tert-butanol:H2O.213 Not yielding the desired vicinal diol, the 
reagent system was switched to the Woodward dihydroxylation using AgOAc and iodine but again no 
reaction towards the diol was observed. Attempting to synthesize the corresponding anti-diol via 
hydrolysis of the anti-diester via a Prévost reaction did not work as was the same for SeO2 combined 
with H2O2.214 Other reagent systems were also evaluated, but since this did not yield the vicinal diols, 
direct dihydroxylation was abandoned (Scheme 64, Table 31).215 
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Scheme 64: Attempted dihydroxylation of 184d. 
 
Table 31: Dihydroxylation of bicyclo[2.2.1]hepta-2,5-dienes. 
Entry Reagent (equiv.) Solvent Temp. (°C) Time Yield (%)
a
 
1 OsO4 (0.05) - NMO (1.5) 
acetone:tert-
BuOH:H2O 
0 -> r.t. 1h 
Comp. 
mix. 
2 SeO2 (0.2) - H2O2 (2) 
1,4-dioxane:H2O 
1:1 to 3:1 
r.t. on. SMb 
3 
RuCl3 (0.5 %) - NaIO4 (1.5) 
- H2SO4 (2N, 0.2) 
H2O:EtOAc:ACN 
2:1:1 
r.t. 7 - 15d 
Comp. 
mix. 
4 
CeCl3.7H2O (0.1) - NaIO4 
(1.5) EtOAc:ACN r.t. 7d SM
b
 
5 
Cu(OTf)2 (0.1) - 
PhI(OAc)2 (1.3) 
CH2Cl2:AcOHc ∆ on. 
Comp. 
mix. 
6 NaIO4 (0.3) - LiBr (0.2)d AcOH 95 on. 
Comp. 
mix. 
a
 Reactions monitored by GC or TLC; b Starting material recovered; c 0.5ml AcOH / mmol diene 184d; d 1.5 
equivalents of K2CO3 were added after reaction. 
 
To sidestep this, the double bond of 184d was converted to the epoxide 192 using 3 equivalents of m-
CPBA in dry dichloromethane, however the yield was not very high. Hydrolysis of the epoxide in water 
or water:dioxane (1:1) at reflux did not yield the anti-diol which also was the case for a 10% solution of 
KOH as shown in Scheme 65. The desired ring-opened product was obtained by refluxing the epoxide 
in water, adding a catalytic amount of pTsOH, for 2 hours followed by extraction with CH2Cl2. 
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Scheme 65: Epoxidation and subsequent attempted ring-opening of 7-azabicyclo[2.2.1]hepta-
2,5-dienes. 
 
Conversion of the nitrogen atom to the secondary amine was tested on the dehalohydrogenated 
compounds 190d and 190n or Diels-Alder compound 184d. The removal of the mesyl group of 
compounds 184d or 190d using a metal-naphthalene system did not succeed, providing starting 
material or a complex mixture of products depending on the reaction temperature.216 Other metal-
based reagent systems like Mg in dry MeOH217 or a Na/K alloy coated on silica failed to improve on 
the naphthalene reagent, as did the use of fluorine based reagents like TBAF or CsF.218 Removal 
through reduction with Red-Al, which will at the same time reduce the ester to the alcohol, was 
unsuccessful (Scheme 66).219 
 
Removal of the dimethylaminosulfonyl group form the nitrogen bridge did not prove successful either. 
The deprotection was evaluated using different acids or bases but did not yield the free amine,220 
which also was the case for TBAF or CsF.218 Reduction of the DMAS-group by Raney-nickel, 
supported on a cartridge, in a microreactor using 50 bars of hydrogen gas pressure provided no 
reaction and the starting material was recovered quantitatively. Refluxing in 1,3-diaminopropane failed 
to obtain deprotected product and instead reacted with the ester to form the aminoamide 194 (Table 
32, Entry 10).221 
 
N
R
COOMe
N
H
COOMe
Table 32
x
190d : R = Ms
190n : R = DMAS
193
 
Scheme 66: Attempted conversion of sulfonylated derivatives 190 to the corresponding 
secondary amine. 
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Table 32: Conversion of 190d or 190u to the corresponding secondary amines. 
Entry Amide Reagent (equiv.) Solvent Temp. (°C) Time Yield (%)a 
1 
190d or 
190n 
Na (4) - Naphthalene (4.5) Dry THF/N2 -78 to r.t. 2 - 24h Comp. mix. 
2 
190d or 
190n 
Li (14) - Naphthalene 
(0.08) Dry THF/N2 -78 to r.t. 2 - 24h Comp. mix. 
3 
190d or 
184d 
Na/K on silica (2.5) Dry THF/N2 r.t. 24h SMb 
4 
190d or 
184d 
CsF on celite (0.5) or 
TBAF (1) ACN ∆ 7h SM
b
 
5 184d 
Li/Na (14) - Naphthalene 
(0.08) Dry THF/N2 0° -> r.t. on. SM
b
 
6 
190d or 
190n 
Mg (20) Dry MeOH, ))) r.t. 4h SMb 
7 190d Red-Al (3) Dry toluene/N2 90° 2h Comp. mix. 
8 190n NaOMe (5) Dry MeOH r.t. 3h SMb 
9 190n 2N to 12N HCl 
MeOH, EtOH, 
iPrOH:ACN or 
1,4-dioxane 
r.t. on. 
SMb or 
Comp. mix. 
10 190n / 
1,3-
diaminopropane 
∆ on. 194 
11 190n Raney-Ni in MR 
EtOH 
(6.278 mM 
190n) 
r.t.  SMb 
12 190n 
CsF on celite (0.5) or 
TBAF (1) THF r.t. to ∆ 6 to 24h 
SMb 
(isomerized) 
a
 Reaction monitored by GC or LC-MS; b starting material recovered; 
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3.2.3. Conclusions 
 
The synthesis of the 1,4-dimethyl-7-azabicyclo[2.2.1]hepta-2,5-diene skeleton through Diels-Alder 
reaction of pyrroles with various alkynes works well for mesylated and dimethylaminosulfonylpyrroles, 
as does their hydrogenation towards the esterified heptane ring as shown in Scheme 67. The 
introduction of other functionalities on the ring system was also tested but did not work fluently. The 
deprotection of the nitrogen bridge towards the free amine did not prove to be successful thus no ionic 
liquids based on the 7,7-dialkyl-1,4-dimethyl-7-azabicyclo[2.2.1]heptane skeleton were able to be 
synthesized via this route.  
 
Scheme 67: Attempted synthesis of 7H-1,4-dimethyl-7-azabicyclo[2.2.1]heptanes 193. 
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3.3 Synthesis of 7-thiabicyclo[2.2.1]heptane-based ionic liquids 
 
Sulfonium ionic liquids are known for their low viscosities but, on the other hand, their generally lower 
stability opposing to ammonium or phosphonium ionic liquids. The problem with these cations partly 
exists in the fact that they are quite reactive towards bases, forming the ylide which can react further 
with impurities in the ionic liquid or, when using them as solvent for organic reactions, cause numerous 
side reactions with loss of starting material and ionic liquid. The major issue with ylide formation is the 
abstraction of the α-hydrogen on the sulfonium cation. Using the same structural entity as for the 1,4-
dimethyl-7-azabicyclo[2.2.1]heptane compounds synthesized through Diels-Alder reaction, albeit 
replacing nitrogen by sulfur, the α-hydrogen atoms on the bicyclic ring are eliminated, thus trying to 
improve on the stability of the sulfonium ionic liquids. This bicyclic structure can be synthesized by a 
Diels-Alder reaction with thiophenes, although these have to be activated to improve their reactivity. 
These thiophenes are either commercially available or could be synthesized through a pinacol 
coupling of a diketone. 3,4-ditert-butyl substituted thiophenes are interesting intermediates because 
their S-monooxidized analogs are stable at room-temperature in isolated form as established by Ishii 
et al.,222 which makes them easier to work with, contrary to the non-stabilized sulfoxides that will 
dimerize quickly. After the Diels-Alder reaction, sulfonium ionic liquids can be obtained through 
reduction of the sulfoxide and alkylation of sulfur with various alkyl halogenides. The double bond can 
be used as incorporation of an unsaturated site in the ionic liquid to further reduce melting point and 
viscosity or can it be hydrogenated (Scheme 68). 
 
 
Scheme 68: Retrosynthetic synthesis of 7-thiona[2.2.1]bicycloheptane-based ionic liquids 200. 
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3.3.1. Synthesis of thiophenes 
 
To synthesize diketosulfide 202, commercially available 1-chloropinacolone 201 was reacted with 0.5 
equivalents of Na2S.9H2O in aqueous acetone223,224 obtaining 1,1,1,7,7,7-hexamethyl-4-thia-2,6-
heptanedione 202 in a yield of 86%. The next step in the synthesis of thiophenes 205 consists of a 
pinacol or McMurry coupling of the diketone to the corresponding 1,2-cyclopentanediols, which can be 
dehydrated to the aromatic thiophenes (Scheme 69). The reductive coupling of the diketone was 
performed with TiCl4-Zn at -18°C in THF as described by Yamaoka et al.225 however no diol 
functionalized or double bond containing compounds could be isolated after reaction and work-up. 
Intramolecular pinacol coupling of 202 was further evaluated using several other metal-based coupling 
reagent systems as NiCl2-Mg-TMSCl or Rieke-Ni,226 TiCl4-Mn or TiCl4-Mg,227 TiCl4-Zn(Cu), Cp2TiCl2-
Mn228 or -Zn(Cu), InCl3-Al,229 Mg-TMSCl230 or SmI2231 as listed in Table 33, in every case obtaining a 
complex mixture which contained traces of pinacol-coupled product (via IR-analysis) 203 or McMurry 
coupled product 204. Therefore this reaction strategy was abandoned. 
 
 
Scheme 69. 
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Table 33: Pinacol- or McMurry-coupling of diketosulfide 202. 
Entry Reagent (equiv.) Solvent Temp (°C)a Time Yieldd 
1 TiCl4 (3) - Zn (6) Dry THF/N2 -20 to 0 4h Comp. mix. 
2 TiCl4 (3) - Zn (6) Dry THF/Ar -20 to 0 8h Comp. mix. 
3 TiCl4 (1.5) - Zn(Cu) (3) Dry THF/Ar -10 to r.t. 24h Comp. mix. 
4 TiCl4 (5) - Zn (10) Dry THF/N2 0° 10h 15% 203b 
5 TiCl4 (5) - Mn (10) Dry THF/N2 -10° to ∆ on. Comp. mix. 
6 TiCl4 (5) - Mg (10) Dry THF/N2 -10° to ∆ on. Comp. mix. 
7 NiCl2 (0.05) - Mg (4) - TMSCl (2) Dry THF/N2 r.t. 2d Comp. mix. 
8 Rieke-Ni Dry THF/N2 r.t. 2d Comp. mix. 
9 Cp2TiCl2 (1.1) - Mn (8) Dry THF/N2 r.t. on. SMc 
10 Cp2TiCl2 (1.1) - Zn (8) Dry THF/N2 r.t. on. Comp. mix. 
11 Cp2TiCl2 (1.1) - Zn(Cu) (8) Dry THF/N2 r.t. 24h Comp. mix. 
12 
Cp2TiCl2 (1.1) - Mn (8) - 
2,4,6-collidine (3) - TMSCl (1.5) Dry THF/N2 r.t. on SM
c
 
13 InCl3 (1) - Al (3.6) - NH4Cl (18) H2O:EtOH 1:1 70 40h SMc 
14 Mg (5) - TMSCl (5) Dry DMF/N2 r.t. 24h Comp. mix. 
15 SmI2 (2) Dry THF/N2 r.t. 24h SMc 
16 SmI2 (2) Dry THF/Ar r.t. 24h SMc 
a
 rt = room temperature; b yield determined by 1H-NMR, not isolated; c SM = starting material recovered; d 
reactions monitored by GC- or TLC-analysis 
 
3.3.2. Synthesis of 1,4-dimethyl-7-thiabicyclo[2.2.1]heptanes 
 
Since the substitution of the tetrasubstituted thiophenes failed, synthesis of the 7-thiabicyclo[2.2.1 
]heptane skeleton 208 is started from commercially available 2,5-dimethylthiophene. Diels-Alder 
reactions of thiophenes with suitable alkenes is possible but must be executed under high 
pressure.232,233 In order to enable the Diels-Alder reaction of the thiophene moiety under ambient 
pressure, it is first oxidized by m-CPBA in dry CH2Cl2 at -20°C to the monooxide (which does not 
oxidize further to the dioxide by adding an excess of BF3.Et2O). The reaction mixture is then washed 
with NaHCO3(sat.) and after drying of the organic phase, the alkene is added to the solution of 2,5-
dimethylthiophene S-oxide and this was stirred for 1 to 16 hours. Evaporation and flash 
chromatography yields 1,4-dimethyl-7-oxo-7-thiabicyclo[2.2.1]hept-5-enes in 33 to 85% (Table 34). 
Fallis et al investigated this reaction and found that the cycloaddition is occuring anti to the lone pare 
face (Scheme 70).234 Only alkenes are suitable for this application, since using alkynes would yield the 
corresponding benzene derivative through elimination of the S=O bridgehead.235,236 
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Scheme 70: Diels-Alder reaction of 2,5-dimethylthiophene. 
 
Table 34: Diels-Alder reaction of 2,5-dimethylthiophene with various electron-poor alkenes. 
Entry 
R1 
R2 R3 R4 
Time 
Yield 
(%)a 
208a234 CN Cl H H 1h 45 
208b234 CN CN CN CN 1h 85 
208c H COOH H COOH 16h 33 
208d H COOMe H COOMe 16h 48 
208e H COOBu H COOBu 16h 60 
a isolated yield 
 
To try and avoid the presence of any α-hydrogen atoms on the sulfonium cation, methylation of the 
sulfoxide moiety was explored in order to obtain the dialkylmethyloxosulfonium cation (Scheme 71, 
upper). Examples were found in the literature to synthesize the analogeous trimethyloxosulfoxonium 
from dimethylsulfoxide and dimethyl sulfate.237 Bicyclic sulfoxides 208d or 208e and dimethyl sulfate 
were mixed in equimolar amount and this mixture was stirred for 24 hours at room temperature. No 
conversion to the oxosulfonium compound 209 was observed, not even when heating the reaction 
mixture to 100°C. In order to be able to obtain the sulfonium ionic liquids, the sulfoxide moiety has 
thus to be reduced to the corresponsing sulfide (Scheme 71, lower). Several different reagent systems 
have been evaluated as depicted in Table 35.238 The mild deprotection methods (e.g. entries 3-9) 
simply yielded unreacted starting sulfoxide, while others provided complex mixtures. However, using 
LC-MS analysis and 1H-NMR, the elimination of the sulfoxide and hence the conversion of the starting 
material into a cyclohexadiene 212 or benzene 213 derivative was observed in some cases. An 
electrochemical extrusion of sulfoxides was already shown by Walton et al.239 The presence of the 
benzene derivative 213 is probably caused by an oxidation/aromatization of the cyclohexadiene 
derivative by I2 or Br2. The target sulfide was never observed in any of the reaction entries. 
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Scheme 71: Alkylation towards the oxosulfonium cation (upper)237 and attempted reduction 
(lower) of the sulfoxide moiety.  
 
 
Table 35: Reduction of sulfoxide to sulfide. 
Entry Reagent (equiv.) Solvent Temp (°C) Time Yielda 
1 Al (10) - NiCl2.6H2O (10) THF 0 3d Comp. mix. 
2 Cu(acac)2 (0.05) - PhSiH3 (1) Dry PhMe/N2 100 on. SMb 
3 2,6-DHP.HClc (0.5) ACN ∆ 24h SMb 
4 Mo(CO)6 (1) EtOH ∆ on. SMb 
5 TCT (1) - KI (2.5) ACN r.t. to ∆ 7 - 24h SMb 
6 PBr3 (5) Dry CH2Cl2 r.t. on. Comp. mix. 
7 In (1.5) - PivCl (3) i-PrOH r.t. 24h SMb 
8 PPh3 (1.2) - TiCl4 (1.5) Dry THF/N2 r.t. on. Comp. mix. 
9 
P(OPh)3 (1.1) - MoO2Cl2(dmf)2240 
(0.02) ACN ∆ 8h SM
b
 
10 NaBH4 (1) - I2 (1.2) Dry THF/N2 0 -> r.t. 10’ 213 
11 ReOCl3(PPh3)2 (0.1) THF r.t. 20h SMb 
12 ReO2I(PPh3)2241 (0.01) - PhSiH3 (1) Dry THF r.t. to ∆ 45’ - 2h SMb 
13 In (0.5) + TiCl4 (1.2) Dry THF/N2 ∆ on. Comp. mix. 
14 1,3-Dithiane (1.1) - NBS (0.3) Dry CHCl3 r.t. on. 213 
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15 1,3-Dithiane (1.1) - Br2 (0.3) Dry CHCl3 r.t. on. 213 
16 NaI (5) - BF3.OEt2 (5) Dry Acetone 0 2h 212 
17 WCl6 (2) - In (4) Dry THF r.t. 2h Comp. mix. 
18 Zn (1.5) - MoCl5 (1) Dry THF r.t. on. 212 + SM 
19 LiAlH4 (3 to 6) Dry THF 0 -> r.t. 4h Comp. mix. 
a
 Reactions monitored by GC, TLC and/or LC-MS; b Only starting material observed or recovered after reaction; c 
2,6-dihydroxypyridine hydrochloride. 
 
Trying to prevent the formation of a stable aromatic system via SO-elimination, the double bond 
present in the bicyclo[2.2.1]heptene system has to be removed. Hydrogenation of this double bond 
was explored with several catalytic systems. 1 wt% of Pd, in the form of Pd/C was added to a solution 
of the sulfoxide in the appropriate solvent and the mixture was stirred overnight under variable 
hydrogen gas pressure. Stirring under 1 bar of hydrogen gas, starting material was recovered. The 
lack of reactivity can most probably be explained by a poisoning effect of the sulfoxide moiety on 
palladium. This poisoning effect is well seen in the reactions under higher hydrogen pressure. Similarly 
to the reduction of the sulfoxide, cyclohexadiene 212 was formed, indicating the poisoning of the 
catalyst, since applying the same conditions to the 7-azabicyclo[2.2.1]hepta-2,5-diene compounds the 
double bond was readily hydrogenated.  
 
 
Scheme 72: Hydrogenation and reduction of the cyclohexene ring. 
 
Sidestepping this catalyst poisoning was executed by using a rhodium catalyst (Entries 8 to 10 of 
Table 36) under hydrogen flow. Under these conditions around 50% of the starting cyclohexene was 
converted to the reduced bridged cyclohexane derivative (Scheme 72). After purification by column 
chromatography, compound 214e was obtained in a yield of 40%. Exploring literature, double bond 
reduction in ionic liquids using Pd(OAc)2 or RhCl(PPh3)3 and an excess of ammonium formate as 
hydrogen donor was found.242 To try and implement some of the synthesized 7-
azonia[2.2.1]bicycloheptane ionic liquids into the synthesis of other ionic liquids, this reduction method 
was slightly adapted and tried in one of the newly synthesized 1-cyano-7-methyl-7-
azoniabicyclo[2.2.1]heptanes bis(trifluoromethylsulfonyl)imide 146e and methylsulfate ionic liquids 
158i. The Pd(OAc)2 based system probably suffered the same poisoning effect as observed in the 
Pd/C hydrogenation reaction and also the rhodium catalyst did not provide any yield. 
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Table 36: Hydrogenation of the double bond in the 7-thiabicyclo[2.2.1]hept-5-ene system. 
Entry Reagent (equiv.) Solvent P H2 (atm) Time Yield 
1 Pd/C THF 1 on SM 
2 Pd/C THF 5 on 212 
3 Pd/C EtOAc 1 on SM 
4 Pd/C MeOH 5 on 212 
5 Pd(OAc)2 IL 146e /a (90°C) SM 
6 RhCl(PPh3)3  IL 158i /a (60°C) SM 
7 RhCl(PPh3)3 IL 158i /a 60°C) SM 
8 RhCl(PPh3)3 (2 mol%) THF 1 on SM 
9 RhCl(PPh3)3 (20 mol%) THF 5 48h 
40% 
(50% conv.) 
10 RhCl(PPh3)3 (50 mol%) THF 5 60h 
45% 
(60% conv.) 
a
 hydrogen source was NH4COOH 
 
Other than hydrogenation of the double bond, conversion of the alkene to other functionalities was 
also examined (Scheme 73). Via the Simmons-Smith reaction, an alkene can be converted to the 
corresponding cyclopropyl derivative in just one step using a Zn-complex. It was envisaged that the 
metal-complex could coordinate to sulfur thereby directing the synthesis towards a selective 
cyclopropanation of the double bond towards the exo-derivatives .  
 
Scheme 73: Conversion of the double bond. 
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To this end, ZnEt2 and CH2I2 were mixed in dry CH2Cl2 at -78°C, after which the mixture was warmed 
to 0°C and TFA was added to complete the formation of the complex. Sulfoxide 208d was added 
dropwise as a CH2Cl2 solution and the mixture was stirred at room temperature for 6h but no 
conversion of the starting material was observed. The mixture was then refluxed overnight but became 
turbid, probably due to degradation of the Zn-complex under influence of the heating. Conversion of 
the alkene to a vicinal diol using SeO2 and H2O2 did not yield any desired diol 218d.214 The use of m-
CPBA for conversion to the epoxide was avoided because this reagent is prone to oxidize the 
sulfoxide moiety to the sulfone. 
 
Two other possible strategies to obtain the bicycloheptane were evaluated. While searching the 
literature for examples of 7-thiabicyclo[2.2.1]heptane synthesis, a method was found using 
cyclohexane derivatives containing two leaving groups which are para-positioned and in the cis-
configuration to each other (Scheme 74). Since the diastereomericaly pure 1,4-cyclohexanediol is very 
expensive, this reaction was executed with the 50:50 mixture of 1,4-cyclohexanediol 138, which was 
then converted into the dimesylate 220a and the ditosylate 220b by adding 2.2 or 3 equivalents in 
CHCl2 and NEt3 or pyridine respectively. These compounds were then added to the distillate collected 
from a mixture of Na2S.9H2O in DMSO, and the resulting solution was stirred at 100°C for twenty 
hours. After reaction, ice-water was added and the solution was extracted with pentane.243 After 
evaporation of the organic phase, no sign of ring-closed product 221 was detected on LC-MS or 1H-
NMR and this reaction was abandoned.  
 
 
Scheme 74: Ring-closure reaction with Na2S.9H2O. 
 
A second alternative route to 7-thiabicyclo[2.2.1]heptanes might be found in an analogeous strategy to 
the synthesis of the 7-azabicyclo[2.2.1]heptane derivatives 222 by using a 4-substituted 
cyclohexathione 223 which is mixed with a cyanide source that will attack on the thione and the 
obtained sulfide will than ring-close towards the leaving group on the 4-position (Scheme 75 and 
Scheme 76).  
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Scheme 75: Retrosynthetic analysis of 1-cyano-7-thiabicyclo[2.2.1]heptane. 
 
This leaving group substituted cyclohexanones are readily available from the synthetic route towards 
the epibatidine derivatives, where  4-4(toluenesulfonyloxy)cyclohexanone 141 can be produced in 
multigram amounts. The keto function of the cyclohexanone has to be replaced by a thione moiety to 
enable the ring closure reaction to the 7-thiabicyclo[2.2.1]heptane ring system.  
 
 
Scheme 76: Attempted synthesis of thione 224. 
 
Therefore tosylate 141 was dissolved in dry toluene and 1.5 equivalents of Lawesson's reagent was 
added. The mixture was allowed to stir under reflux. After the reaction the yellow solid residue was 
filtered off and the filtrate evaporated. However, examining the resulting powder with LC-MS and 1H-
NMR-analysis did not reveal any sign of product formation. This reaction was repeated using 2 
equivalents of phosphorus pentasulfide in dry toluene (Table 37) but no improvement was observed 
and this reaction pathway was abandoned. 
 
Table 37: Synthesis of 4-(4-toluenesulfonyl)cyclohexathione derivative 224. 
Reagent Solvent Temp (°C) Time 
1.5 equiv. Lawesson's reagent Dry toluene ∆ 4h 
1.5 equiv. Lawesson's reagent Dry toluene ∆ on. 
2 equiv. P2S5 Dry toluene ∆ 2h 
3 equiv. P2S5 Dry toluene ∆ on. 
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3.3.3. Conclusions 
 
The synthesis of the 1,4-dimethyl-7-thiabicyclo[2.2.1]heptane skeleton proved to be more problematic 
than expected. The reduction of the sulfoxide moiety, which can be considered the key step in the 
synthetic route towards the sulfonium ionic liquids, could not be executed without elimination of the 
sulfur bridge from the molecule. Therefore, hydrogenation was evaluated but this reactions was found 
to suffer from catalyst poisoning due to the sulfoxide moiety and was not been able to react to 
completion (Scheme 77). 
 
x
 
Scheme 77: Attempted synthesis of 1,4-dimethyl-7-thiabicyclo[2.2.1]heptanes 227. 
 
  
Results and discussion 
 
 94 
3.4. Perspectives 
 
To further evaluate the stability of the 7-azabicyclo[2.2.1]heptane skeleton, the conversion of the nitrile 
moiety into various functional group (Scheme 78) could be interesting due to the different properties 
one could obtain for the resulting ionic liquids. Further variation of anions could also still improve on 
the properties of the bicyclic ionic liquids such as stability and their use as solvents and catalysts. 
 
 
Scheme 78. 
 
Furthermore, the development of dicationic ionic liquids based on the azabicycloheptane skeleton 148, 
combined with the aforementioned variation of the C1 substituent, promises a new route to ionic 
liquids with lower melting points and possible higher stability if one compares the data on the known 
dicationic ionic liquids with the existing monocationic compounds. 
 
The further development of the 7-thioniabicyclo[2.2.1]heptane ionic liquids requires only two more 
steps. Since the hydrogenation of the double bond proves to be possible with a Rh-catalyst, however 
not with full conversion but screening of various catalysts could help to solve this, which means that 
the reduction of the sulfoxide bridge to the corresponding sulfide should not pose great synthetic 
problems no more. Once the sulfide is obtained, alkylation and subsequent metathesis open the way 
to a whole new range of sulfonium-based ionic liquids. 
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4. Experimental part 
 
4.1. Material and general methods 
 
Solvents 
Solvents were used as received from Sigma-Aldrich or Acros. Diethylether, tetrahydrofuran and 
toluene were dried using sodium metal and benzophenone as indicator and dichloromethane was 
dried using calcium hydride. These were distilled before use. Acetone was purified by adding 100 g of 
sodium iodide to 400 ml of boiling acetone and heating of the resulting crystals. Acetonitrile was dried 
over molecular sieves. Methanol was treated with magnesium metal and distilled before use. 
 
Column chromatography 
Reaction mixtures were purified on silica gel (Acros, particle size, 0.035 - 0.070 mm, pore diameter ca. 
6 nm) in a glass column with solvent mixtures described in the spectral data below. Analysis of 
reaction mixtures was performed using silica plates (Merck Kieselgel 60 with F254 indicator, precoated 
0.25 mm) and different solvent mixtures. Visualization of the analyzed mixtures was done by means of 
UV fluorescence (254 or 366 nm) or colouring with iodine vapour or a potassium permanganate 
solution. 
 
LC-MS chromatography 
LC-MS analysis were performed on an Agilent apparatus, using an Eclipse column, connected to an 
Agilent 1100 Series LC/MSD type SL mass spectrometer with Electron Spray Ionization geometry (ESI 
70 eV) and using a Mass Selective Detector (single quadrupole). 
 
Gas chromatography 
GC chromatography was performed on an Agilent 6890 series equipped with a cool-on-column inlet 
and an FID-detector using H2-gas. Samples were analyzed on an Agilent HP-5 column ((5% phenyl)-
methylpolysiloxane, 30m x 0.320 mm x 0.250 µm) using the following temperature profile: Inlet: 80 °C, 
Oven: Starting at 80 °C with a temperature ramp of 10 °C per minute to 200 °C followed by 30 °C per 
minute from 200 °C to 280 °C, Detector at 250°C. Analysis are performed with Helium as the carrier-
gas.  
 
NMR spectroscopy 
1H-NMR, 13C-NMR, 19F-NMR and 31P-NMR were recorded on a Jeol Eclipse FT 300 NMR 
spectrometer. Assignments of peaks in recorded spectra were performed using DEPT, 2D-HSQC, 2D-
HMBC and 2D-COSY.The compounds were dissolved in deuterated solvents as indicated at the 
spectral data of each compound. Tetramethylsilane was used as an internal reference in all 1H- and 
13C-NMR spectra recorded. For 19F-NMR, CCl3F was used as the reference. Peak multiplicity are 
described by the following abbreviations: s = singlet, d = doublet, t = triplet, q = quadruplet with their 
accompanying coupling constants. 
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Infrared spectroscopy 
Infrared spectra were recorded on a Perkin-Elmer Spectrum BX FT-IR spectrometer. All compounds 
were analyzed in neat form with an ATR (Attenuated Total Reflectance) accessory while applied on a 
ZnSe crystal. Only selected absorbances νmax are reported. 
 
Mass analysis 
Low resolution mass spectra of pure compounds were recorded via direct injection on an Agilent 1100 
Series LC/MSD type SL mass spectrometer with Electron Spray Ionization geometry (ESI 70 eV) and 
using a Mass Selective Detector (quadrupole) with simultaneous positive and negative ion detection.  
HRMS analysis was performed using an Agilent 1100 series HPLC coupled to an Agilent 6220 TOF-
Mass Spectrometer equipped with ESI/APCI-multimode source. 
 
Melting Points 
Melting points of solid compounds were measured on a Büchi 540 apparatus or a Wagner & Munz, 
kofler heating bench system. 
 
Elemental analysis 
Elemental analysis was performed on a Perkin Elmer 2400 II apparatus using ca. 2 mg of product 
weighed in a tin cup. Temperatures for oxidation and reduction are set on 900 °C and 640 °C 
respectively. 
 
DSC analysis 
DSC measurements were performed on a Mettler Toledo 822 instrument with heating rate 10 °C/min 
and with a helium gas flow. 
 
Electrochemical analysis 
Measurements were performed on an Autolabo PGSTAT12 potentiostat controlled by NOVA software 
(versions 1.5 and 1.8). A Pt electrode with diameter of 0.5 mm was polished on polishing cloth (BASi) 
with diamond slurry of 15 µm and 3 µm, followed by a polishing step with 0.05 µm alumina. 
Afterwards, the electrode was rinsed thoroughly and air-dried. The reference electrode consisted of a 
Pt-wire submerged in a reference compartment containing N-butyl-N-methylpyrrolidinium 
bis(trifluoromethylsufonyl)imide [C4C1pyrrol][NTf2]. The offset value of this reference electrode versus 
the ferrocene/ferrocenium couple was measured with a solution of 10 mM ferrocene in 
[C4C1pyrrol][NTf2] and determined to be -0.276 V. Voltammograms recorded versus the above 
described reference electrode were corrected for this offset by subtracting 0.276 V from each value to 
report the potentials versus the ferrocene/ferrocenium couple. 
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4.2.  Synthetic procedures 
 
4.2.1.  Synthesis of epibatidine analogues 7-alkyl-7-azabicyclo[2.2.1]heptane-1-
carbonitrile 
 
4.2.1.1. Synthesis of 1,4-dioxaspiro[4.5]decan-8-ol 
 
In a flask of 1 liter, 1,4-dioxaspiro[4.5]decan-8-one (100.35 g, 0.643 mol) was dissolved in 
methanol (600 ml). The mixture was the cooled to 0 °C and NaBH4 (1.1 equiv., 26.74 g, 
0.707 mol) was added portionwise over a period of 2 hours. After the addition of NaBH4, the 
mixture was stirred overnight at room temperature after which 2N NaOH (100 ml) was 
added. The mixture was extracted with CH2Cl2 (3x 500 ml) and the organic phase was 
washed with 2N NaOH (2x 200 ml) and with NaCl(sat.) (200 ml). After drying with MgSO4 and 
evaporation of the organic phase, 1,4-dioxaspiro[4.5]decan-8-ol 136 was obtained as a colourless oil 
in a yield of 99% (100.70 g). The spectra were in accordance with literature.244 
 
4.2.1.2. Synthesis of 4-hydroxycyclohexanone 
 
In a flask of 500 ml, 1,4-dioxaspiro[4.5]decan-8-ol 136 (40.68 g, 0.257 mol) was dissolved in 
distilled H2O (400 ml) and this mixture was brought to reflux. After addition of p-
toluenesulfonic acid (0.01 equiv., 0.49 g, 2.57 mmol), the mixture was allowed to react under 
reflux overnight. After cooling the reaction mixture to room temperature, the pH of the 
solution was adjusted to 8 using solid NaHCO3. The resulting basic solution was evaporated 
to half of its original volume, followed by an extraction with CH2Cl2 (4x 400 ml) and after 
drying with MgSO4 and evaporation of the organic phase, 4-hydroxycyclohexanone was obtained as a 
pale yellow oil in a yield of 80% (23.48 g). The spectra were in accordance with literature.245 
 
4.2.1.3. Synthesis of 4-(4-toluenesulfonyloxy)cyclohexanone 
 
In a flask of 500 ml, 4-hydroxycyclohexanone 137 (35.26 g, 0.309 mol) was dissolved in 
pyridine (350 ml) and p-toluenesulfonyl chloride (1.5 equiv., 88.34 g, 0.463 mol) was added 
and the resulting mixture was stirred overnight. After completion of the reaction, the mixture 
was poured into ice-water (500 ml), stirred for 15 minutes and extracted with EtOAc (3x 500 
ml). The organic phase was washed with 1N HCl (3x 200 ml), H2O (1x 200 ml) and brine (1x 
200 ml). After drying with MgSO4 and evaporation, 4-(4-toluenesulfonyloxy)cyclohexanone 
141 was obtained as white crystals in a yield of 85% (70.48 g). The spectra were in accordance with 
literature.246 
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4.2.1.4. Synthesis of epibatidine derivatives 
 
7-Octyl-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134g 
In a pressure resistant vial of 150 ml, 4-(4-toluenesulfonyloxy)cyclohexanone 141 (13.88 g, 51.73 
mmol), a primary amine (see Table 8), triethylamine (2 equiv., 10.47 g, 103.45 mmol) and acetone 
cyanohydrin (2 equiv., 8.80 g, 103.45 mmol) were dissolved in dry methanol (100 ml). The reaction 
was stirred for 48h at 110 °C, after which the reaction mixture was cooled and diluted with 
dichloromethane (100 ml). The organic phase was washed with saturated NaHCO3 (3x 50 ml) and 
saturated Na2S2O3 (50 ml), followed by drying with MgSO4 and filtration. After evaporation of the 
volatiles, the residue was purified by column chromatography to obtain pure 7-alkyl-7-
azabicyclo[2.2.1]heptanes 134. 
 
1H-NMR (CDCl3, 300MHz, 25°C): δ 0.88 (3H, t, J = 6.3Hz, CH2CH3) ; 1.28 - 1.45 (12H, 
m, 5x (CH2)oct, 2x CHCHexoHendo) ; 1.53 (2H, quintet, J = 7.3Hz, NCH2CH2) ; 1.73 - 1.89 
(4H, m, 2x CqCHaHb, 2x CHCHexoHendo) ; 2.02 - 2.09 (2H, m, 2x CqCHaHb) ; 2.45 (2H, t, J 
= 7.4Hz, NCH2) ; 3.48 (1H, t, J = 4.1Hz, NCH). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 
14.12 (CH3) ; 22.67 ((CH2)oct) ; 27.53 ((CH2)oct) ; 28.06 (2x CHCH2) ; 29.27 ((CH2)oct) ; 
29.31 ((CH2)oct) ; 29.47 ((CH2)oct) ; 31.85 ((CH2)oct) ; 34.20 (2x CqCH2) ; 46.22 (NCH2) ; 58.77 (NCH) ; 
59.64 (NCq) ; 77.17 (CDCl3) ; 120.48 (C≡N). IR (ATR, cm-1): 2241 (νC≡N). MS (ESI, pos. mode): 208.5 
(80) ; 235.3 (100, [M+H]+). HRMS: [C15H27N2]+ calc m/z 235.2169 ; exp m/z 235.2176. Yellow oil. Yield 
= 65%. Rf = 0.21 (PE/EtOAc 9/1). 
 
7-Heptyl-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134f 
1H-NMR (CDCl3, 300MHz, 25°C): δ 0.89 (3H, t, J = 6.6Hz, CH2CH3) ; 1.23 - 1.57 (12H, 
m, 2x CHCHexoHendo, 5x (CH2)hept) ; 1.72 - 1.90 (4H, m, 2x CqCHaHb, 2x CHCHexoHendo) ; 
1.96 - 2.09 (2H, m, 2x CqCHaHb) ; 2.44 (2H, t, J = 7.4Hz, NCH2CH2) ; 3.38 (1H, t, J = 
4.4Hz, NCH). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 14.15 (CH3) ; 22.66 ((CH2)hept) ; 27.48 
((CH2)hept) ; 28.08 (2x CHCH2) ; 29.21 ((CH2)hept) ; 29.36 (NCH2CH2) ; 31.85 ((CH2)hept) ; 
34.22 (2x CqCH2) ; 46.16 (NCH2) ; 58.81 (NCH) ; 59.64 (NCq) ; 77.56 (CDCl3) ; 120.37 (C≡N). IR 
(ATR, cm-1): 2239 (νC≡N). MS (ESI, pos. mode): 194.3 (100) ; 221.3 (45, [M+H]+). HRMS: [C14H25N2]+ 
calc m/z 221.2012 ; exp m/z 221.2021. Yellow oil. Yield = 75%. Rf = 0.41 (PE/EtOAc 8/1). 
 
 
7-Hexyl-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134e 
1H-NMR (CDCl3, 300MHz, 25°C): δ 0.89 (3H, t, J = 6.9Hz, CH2CH3) ; 1.31 - 1.45 (8H, m, 
2x CHCHexoHendo, 3x (CH2)hex) ; 1.53 (2H, quintet, J = 7.5Hz , NCH2CH2CH2) ; 1.72 - 1.91 
(4H, m, 2x CqCHaHb, 2x CHCHexoHendo) ; 2.01 - 2.10 (2H, m, 2x CqCHaHb) ; 2.45 (2H, t, J = 
7.5Hz, NCH2CH2) ; 3.48 (1H, t, J = 4.4Hz, NCH). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 
14.06 (CH3) ; 22.61 ((CH2)hex) ; 27.19 ((CH2)hex) ; 28.06 (2x CHCH2) ; 29.28 (NCH2CH2) ; 
31.72 ((CH2)hex) ; 34.20 (2x CqCH2) ; 46.23 (NCH2) ; 58.77 (NCH) ; 59.64 (NCq) ; 77.12 (CDCl3) ; 
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120.53 (C≡N). IR (ATR, cm-1): 2241 (νC≡N). MS (ESI, pos. mode): 207.5 (100, [M+H]+). HRMS: 
[C13H23N2]+ calc m/z 207.1856 ; exp m/z 207.1863. Yellow oil. Yield = 71%. Rf = 0.05 (PE/EtOAc 12/1). 
 
7-Butyl-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134d 
1H-NMR (CDCl3, 300MHz, 25°C): δ 0.94 (3H, t, J = 7.2 Hz, CH2CH3) ; 1.32 - 1.57 (6H, m, 
CH2CH2CH2CH3, 2x CHCHexoHendo) ; 1.73 - 1.89 (4H, m, 2x CqCHaHb, 2x CHCHexoHendo) ; 
2.02 - 2.10 (2H, m, 2x CqCHaHb) ; 2.46 (2H, t, J = 7.7 Hz, NCH2CH2) ; 3.48 (1H, t, J = 4.4 
Hz, NCH). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 13.99 (CH3) ; 20.66 (CH2CH3) ; 28.06 (2x 
CHCH2) ; 31.45 (NCH2CH2) ; 34.19 (2x CqCH2) ; 45.85 (NCH2) ; 58.77 (NCH) ; 59.64 
(NCq) ; 77.26 (CDCl3) ; 120.51 (C≡N). IR (ATR, ATR, cm-1): 2240 (νC≡N). MS (ESI, pos. mode): 152.5 
(50) ; 179.5 (100, [M+H]+). HRMS: [C11H19N2]+ calc m/z 179.1543 ; exp m/z 179.1550. Pale yellow oil. 
Yield = 66%. Rf = 0.34 (PE/EtOAc 8/1). 
 
7-Ethyl-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134c 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.17 (3H, t, J = 7.1 Hz, CH2CH3) ; 1.38 - 1.46 (2H, m, 
2x CHCHexoHendo) ; 1.74 - 1.91 (4H, m, 2x CHCHexoHendo, 2x CqCHaHb) ; 2.03 - 2.14 (2H, m, 
2x CqCHaHb) ; 2.54 (2H, q, J = 7.1 Hz, CH2CH3) ; 3.52 (1H, t, J = 4.4 Hz, NCH). 13C-NMR 
(CDCl3, 75.4MHz, 25°C): δ 14.18 (CH3) ; 28.02 (2x CHCH2) ; 34.22 (2x CqCH2) ; 40.22 
(CH2CH3) ; 58.16 (NCH) ; 59.52 (NCq) ; 77.03 (CDCl3) ; 120.43 (C≡N). IR (ATR, cm-1): 
2239 (νC≡N). MS (ESI, pos. mode): 151.3 (100, [M+H]+). HRMS: [C9H15N2]+ calc m/z 151.1230  ; exp 
m/z 151.1237. Yellow oil. Yield = 23%. Distillation: 108 °C at 12 mmHg. 
 
7-Methyl-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134b 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.38 - 1.46 (2H, m, 2x CHCHexoHendo) ; 1.75 - 1.83 (2H, 
m, 2x CqCHaHb) ; 1.88 - 2.01 (2H, m, 2x CHCHexoHendo) ; 2.04 - 2.14 (2H, m, 2x CqCHaHb) ; 
2.37 (3H, s, NCH3) ; 3.36 (1H, t, J = 4.7 Hz, NCH). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 
28.06 (2x CHCH2) ; 33.32 (2x CqCH2, NCH3) ; 59.74 (NCq) ; 62.25 (NCH) ; 77.49 (CDCl3) ; 
120.08 (C≡N) . IR (ATR, cm-1): 2240 (νC≡N). MS (ESI, pos. mode): 137.3 (100, [M+H]+). 
HRMS: [C8H13N2]+ calc m/z 137.1073 ; exp m/z 137.1079. Pale yellow oil. Yield = 65%. Distillation: 92 
°C at 12 mmHg. 
 
7-Cyclohexyl-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134n 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.14 - 1.42 (7H, m, 5x HCy, 2x CHCHexoHendo) ; 1.59 - 
1.65 (1H, m, HCy) ; 1.76 - 1.86 (6H, m, 2x CqCHaHb, 2x CHCHexoHendo, 2x HCy) ; 2.07 - 
2.20 (4H, m, 2x CqCHaHb, 2x HCy) ; 2.28 - 2.36 (1H, m, NCHCy) ; 3.66 (1H, t, J = 4.4 Hz, 
NCH). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 25.21 (2x (CH2)Cy) ; 25.73 ((CH2)Cy) ; 28.35 
(2x CHCH2) ; 32.61 (2x (CH2)Cy) ; 34.32 (2x CqCH2) ; 54.95 (NCHCy) ; 56.69 (NCq) ; 57.84 
(NCH) ; 77.03 (CDCl3) ; 121.93 (C≡N). IR (ATR, cm-1): 2237 (νC≡N). MS (ESI, pos. 
mode): 205.3 (100, [M+H]+). HRMS: [C13H21N2]+ calc m/z 205.1699 ; exp m/z 205.1705. Yellow oil. 
Yield = 59%. Rf = 0.19 (PE/EtOAc 6/1). 
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7-(Cyclohexylmethyl)-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134o 
1H-NMR (CDCl3, 300MHz, 25°C): δ 0.85 - 0.99 (2H, m, (CH2)Cy) ; 1.09 - 1.31 (3H, 
m, CHCyaHCyb, (CH2)Cy) ; 1.35 - 1.49 (3H, m, NCH2CH, 2x CHCHexoHendo) ; 1.62 - 
1.90 (9H, m, CHCyaHCyb, 2x CqHaHb, 2x CHCHexoHendo, 2x (CH2)Cy) ; 1.94 - 2.06 (2H, 
m, 2x CqHaHb) ; 2.26 (2H, d, J = 7.2Hz, NCH2) ; 3.39 (1H, t, J = 4.4Hz, NCH). 13C-
NMR (CDCl3, 75.4MHz, 25°C): δ 26.06 (2x (CH2)Cy) ; 26.77 (CHCyaHCyb) ; 28.14 (2x 
CHCH2) ; 31.68 (2x (CH2)Cy) ; 34.29 (2x CqCH2) ; 37.77 (NCH2CH) ; 52.64 (NCH2) ; 
59.73 (NCH) ; 59.96 (NCq) ; 77.41 (CDCl3) ; 120.59 (C≡N). IR (ATR, cm-1): 2990, 2920, 2849, 2240 
(νC≡N), 1450, 1131. MS (ESI, pos. mode): 219.3 (100, [M+H]+) ; 235.3 (50). HRMS: [C14H23N2]+  calc 
m/z 219.1856 ; exp m/z 219.1861. Yellow oil. Yield = 38%. Rf = 0.74 (PE/EtOAc 4/1). 
 
7-Octadecyl-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134h 
1H-NMR (CDCl3, 300MHz, 25°C): δ 0.88 (3H, t, J = 6.6Hz, CH2CH3) ; 1.21 - 1.57 (34H, 
m, 16x (CH2)octadec, 2x CHCHexoHendo) ; 1.72 - 1.89 (4H, m, 2x CqCHaHb, 2x 
CHCHexoHendo) ; 2.01 - 2.10 (2H, m, 2x CqCHaHb) ; 2.45 (2H, t, J = 7.7Hz, NCH2) ; 3.47 
(1H, t, J = 4.4Hz, NCH). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 14.12 (CH3) ; 22.70 
((CH2)octadec) ; 27.53 ((CH2)octadec) ; 28.09 (2x CHCH2) ; 29.36 (2x (CH2)octadec) ; 29.53 
((CH2) octadec) ; 29.60 (3x (CH2)octadec) ; 29.71 (7x (CH2)octadec) ; 31.94 ((CH2)octadec) ; 34.22 (2x CqCH2) ; 
46.25 (NCH2) ; 58.78 (NCH) ; 59.65 (NCq) ; 77.03 (CDCl3) ; 120.53 (C≡N). IR (ATR, cm-1): 2240 
(νC≡N). MS (ESI, pos. mode): 348.3 (80, [M+H]+ - HCN) ; 375.3 (100, [M+H]+). MP: 54.1 - 54.3 °C. 
HRMS: [C25H47N2]+ calc m/z 375.3734 ; exp m/z 375.3747. Yellow crystals. Yield = 51%. Rf = 0.25 
(PE/EtOAc 10/1). Additional recrystallization from ethanol. 
 
7-isoButyl-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134i 
1H-NMR (CDCl3, 300MHz, 25°C): δ 0.95 (6H, d, J = 6.6Hz, CH(CH3)2) ; 1.35 - 1.43 (2H, 
m, 2x CHCHexoHendo) ; 1.63 - 1.91 (5H, m, 2x CqCHaHb, 2x CHCHexoHendo, CH(CH3)2) ; 
1.97 - 2.09 (2H, m, 2x CqCHaHb) ; 2.24 (2H, d, J = 7.2Hz, NCH2CH) ; 3.40 (1H, t, J = 
4.5Hz, NCH). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 20.87 (CH(CH3)2) ; 28.18 (CH(CH3)2) 
; 28.32 (2x CHCH2) ; 34.35 (2x CqCH2) ; 53.96 (NCH2) ; 59.67 (NCH) ; 59.93 (NCq) ; 
77.18 (CDCl3) ; 120.72 (C≡N). IR (ATR, cm-1): 2955, 2871, 2242 (νC≡N), 1128. MS (ESI, 
pos. mode): 179.3 (100, [M+H]+), 249.3 (40). HRMS: [C11H19N2]+ calc m/z 179.1543 ; exp m/z 
179.1550. Colourless oil. Yield = 66%. Rf = 0.55 (PE/EtOAc 7/1). 
 
7-isoPentyl-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134j 
1H-NMR (CDCl3, 300MHz, 25°C): δ 0.92 (3H, d, J = 6.6Hz, CHCH3) ; 0.93 (3H, d, J 
= 6.5Hz, CHCH3) ; 1.36 - 1.47 (4H, m, (CHCH2)i-pen, 2x CHCHexoHendo) ; 1.58 - 1.91 
(5H, m, 2x CqCHaHb, 2x CHCHexoHendo, CH(CH3)2) ; 1.98 - 2.10 (2H, m, 2x CqCHaHb) 
; 2.44 - 2.50 (2H, m, NCH2) ; 3.40 - 3.49 (1H, m, NCH). 13C-NMR (CDCl3, 75.4MHz, 
25°C): δ 22.66 (2x CHCH3) ; 26.29 ((CHCH2)i-pen) ; 28.00 (2x CHCH2) ; 34.16 (2x 
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CqCH2) ; 37.17 ((CHCH2)i-pen) ; 44.17 (NCH2) ; 58.60 (NCH) ; 59.59 (NCq) ; 77.47 (CDCl3) ; 120.36 
(C≡N) . IR (ATR, cm-1): 2954, 2930, 2871, 2239 (νC≡N). MS (ESI, pos. mode): 166.3 (100) , 193.3 (90, 
[M+H]+). HRMS: [C12H21N2]+ calc m/z 193.1699 ; exp m/z 193.1706. Yellow oil. Yield = 62%. Rf = 0.43 
(PE/EtOAc 9/1). 
 
7-(2-Ethylhexyl)-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134k 
1H-NMR (CDCl3, 300MHz, 25°C): 0.85 - 0.92 (6H, m, 2x CH2CH3) ; 1.23 - 1.52 
(11H, m, 2x CHCHexoHendo, (CH)Ethex, 4x (CH2)Ethex) ; 1.70 - 1.90 (4H, m, 2x 
CHCHexoHendo, 2x CqCHaHb) ; 1.97 - 2.10 (2H, m, 2x CqCHaHb) ; 2.31 (2H, d, J = 
5.0Hz, NCH2CH) ; 3.38 (1H, t, J = 4.4Hz, NCH). 13C-NMR (CDCl3, 75.4MHz, 
25°C): 10.75 (CH3); 14.15 (CH3) ; 23.15 ((CH2)Ethex) ; 24.51 ((CH2)Ethex) ; 28.06 
(CHCH2) ; 28.15 (CHCH2) ; 28.26 (NCH2CH2) ; 31.33 ((CH2)Ethex) ; 34.34 
(CqCH2) ; 34.44 (CqCH2) ; 39.13 ((CH)Ethex) ; 49.61 (NCH2) ; 59.52 (NCH) ; 59.94 (NCq) ; 77.29 (CDCl3) 
; 120.69 (C≡N). IR (cm-1): 2239 (νC≡N). MS (ESI, POS): 235.3 (100, [M+H]+). HRMS: [C15H27N2]+ calc 
m/z 235.2169 ; exp m/z 235.2175. Pale yellow oil. Yield = 49%. Rf = 0.26 (PE/EtOAc 15/1). 
 
7-(2-Hydroxyethyl)-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134r 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.21 - 1.33 (2H, m, 2x CHCHexoHendo) ; 1.56 - 1.93 
(6H, m, 2x CHCHexoHendo, 2x CqCHaHb, 2x CqCHaHb) ; 2.43 - 2.51 (2H, m, 
NCH2CH2OH) ; 3.32 - 3.41 (2H, m, NCH2CH2OH) ; 3.49 - 3.55 (2H, m, OH, NCH). 
13C-NMR (CDCl3, 75.4MHz, 25°C): δ 28.06 (2x CHCH2) ; 34.06 (2x CqCH2) ; 40.22 
(NCH2) ; 48.00 (OCH2) ; 58.16 (NCH) ; 59.52 (NCq) ; 77.03 (CDCl3) ; 120.43 (C≡N). 
IR (ATR, cm-1): 3393 (νOH), 2242 (νC≡N), 1064, 1050. MS (ESI, pos. mode): 167.3 (100, [M+H]+). 
HRMS: [C9H15N2O]+ calc m/z 167.1179 ; exp m/z 167.1186. Orange oil. Yield = 56%. Rf = 0.19 
(CH2Cl2/MeOH 98/2). 
 
7-(2-Methoxyethyl)-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134t 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.35 - 1.45 (2H, m, 2x CHCHexoHendo) ; 1.71 - 
1.80 (2H, m, 2x CHCHexoHendo) ; 1.86 - 2.09 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 2,69 
(2H, t, J = 5.5Hz, NCH2CH2O) ; 3.36 (3H, s, OCH3)  3.51 - 3.64 (3H, m, NCH, 
NCH2CH2O). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 28.15 (2x CHCH2) ; 34.09 (2x 
CqCH2) ; 45.79 (NCH2) ; 58.81 (OCH3) ; 60.11 (NCq) ; 60.23 (NCH) ; 72.34 (OCH2) ; 
77.29 (CDCl3) ; 120.28 (C≡N). IR (ATR, cm-1): 1117. MS (ESI, pos. mode): 181.3 (100, [M+H]+). 
Yellow oil. Yield = 68%. Rf = 0.06 (PE/EtOAc 7/1). 
 
7-((Tetrahydrofuran-2-yl)-methyl)-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134u 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.16 - 1.26 (2H, m, 2x CHCHexoHendo) ; 1.36 - 1.48 (1H, m, 
OCHCHxHy) ; 1.51 - 1.87 (9H, m, 2x CHCHexoHendo, 2x CqCHaHb, 2x CqCHaHb, OCHCHxHy, OCH2CH2) 
; 2.31 (1H, dd, J1 = 12.9Hz, J2 = 6.9Hz, NCHxHy) ; 2.40 (1H, dd, J1 = 12.9Hz, J2 = 4.3Hz, NCHxHy) ; 
3.48 (1H, t, J = 4.4Hz, NCH) ; 3.50 - 3.58 (1H, m, OCHxHy) ; 3.62 - 3.69 (1H, m, OCHxHy) ; 3.80 (1H, 
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ddd,  J1 = 14.0Hz, J2 = 6.9Hz, J3 = 4.3Hz, OCH). 13C-NMR (CDCl3, 75.4MHz, 
25°C): δ 25.53 (OCH2CH2) ; 27.82 (CHCH2) ; 28.35 (CHCH2) ; 29.88 ((OCHCH2) ; 
33.68 (CqCH2) ; 34.41 (CqCH2) ; 50.57 (NCH2) ; 59.96 (NCH) ; 60.25 (NCq) ; 68.08 
(OCH2) ; 77.55 (CDCl3) ; 78.63 (OCH) ; 120.39 (C≡N). IR (ATR, cm-1): 2957, 2876, 
2241 (νC≡N), 1069. MS (ESI, pos. mode): 207.3 (100, [M+H]+). HRMS: [C12H19N2O]+ 
calc m/z 207.1492 ; exp m/z 207.1500. Pale yellow oil. Yield = 55%. Rf = 0.10 (PE/EtOAc 2/1). 
 
4.2.1.5. Synthesis of bridged epibatidine derivatives 
 
1,2-Di(1-cyano-7-azabicyclo[2.2.1]heptan-7-yl)ethane 147a 
In a pressure resistant vial of 150 ml, 4-(4-toluenesulfonyloxy)cyclohexanone 141 (18.87 g, 70.32 
mmol), ethylenediamine (0.5 equiv., 2.11 g, 35.16 mmol), triethylamine (2 equiv., 14.23 g, 140.64 
mmol) and acetone cyanohydrin (2 equiv., 11.97 g, 140.64 mmol) were dissolved in dry methanol (100 
ml). The reaction was stirred for 48h at 110°C, after which the reaction mixture was cooled and diluted 
with dichloromethane (100 ml). The organic phase was washed with saturated NaHCO3 (3x 50 ml) and 
saturated Na2S2O3 (50 ml), followed by drying with MgSO4 and filtration. After evaporation of the 
volatiles, the residue was purified by column chromatography to obtain pure 1,2-di(1-carbonitrile-7-
azabicyclo[2.2.1]heptan-7-yl)ethane 147a. 
. 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.40 - 1.48 (4H, m, 4x 
CHCHexoHendo) ; 1.75 - 1.96 (8H, m, 4x CqCHaHb, 4x CHCHexoHendo) ; 
2.00 - 2.11 (4H, m, 4x CqCHaHb) ; 2.69 (4H, s, 2x NCH2) ; 3.57 (2H, 
t, J = 4.4Hz, 2x NCH). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 28.15 
(4x CHCH2) ; 34.12 (4x CqCH2) ; 46.25 (2x NCH2) ; 59.88 (2x NCq) ; 
60.03 (2x NCH) ; 77.12 (CDCl3) ; 120.39 (C≡N). IR (ATR, cm-1): 2238 (νC≡N). MS (ESI, pos. mode): 
271.3 (100, [M+H]+). MP: 97.1 - 98.7 °C. HRMS: [C16H23N4]+ calc m/z 271.1917 ; exp m/z 271.1928. 
Yellow powder. Yield = 49%. Rf = 0.25 (PE/EtOAc 1/1). 
 
1,8-Di(1-cyano-7-azabicyclo[2.2.1]heptan-7-yl)-3,6-dioxaoctane 147d 
 
1,8-Di(1-carbonitrile-7-azabicyclo[2.2.1]heptan-7-yl)-3,6-dioxaoctane 147d was prepared according to 
the procedure for 1,2-di(1-carbonitrile-7-azabicyclo[2.2.1]heptan-7-yl)ethane 147a starting from 141 
(2.34 g, 8.72 mmol) and 1,8-diamino-3,6-dioxaoctane (0.5 equiv., 2.15 g, 4.36 mmol) in a pressure 
resistant vial of 15 ml. 
 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.29 - 1.37 
(4H, m, 4x CHCHexoHendo) ; 1.62 - 2.00 (12H, m, 4x 
CqCHaHb, 4x CHCHexoHendo, 4x CqCHaHb) ; 2.60 
(4H, t, J = 6.1Hz, 2x NCH2) ; 3.54 - 3.58 (10H, m, 
2x NCH2CH2O, 2x OCH2, 2x NCH). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 28.05 (4x CHCH2) ; 33.94 
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(4x CqCH2) ; 46.25 (2x NCH2) ; 59.99 (2x NCq) ; 60.10 (2x NCH) ; 70.29 (2x OCH2) ; 70.75 (2x 
NCH2CH2O) ; 77.43 (CDCl3) ; 120.28 (2x C≡N). IR (ATR, cm-1): 2241 (νC≡N), 1109, 912, 728. MS (ESI, 
pos. mode): 359.3 (100, [M+H]+) ; 360.3 (30). HRMS: [C20H31N4O2]+ calc m/z 359.2442 ; exp m/z 
359.2453. Pale brown oil. Yield = 67%. Rf = 0.25 (PE/EtOAc 1/1). 
 
4.2.2. Synthesis of quaternary ammonium salts 
 
4.2.2.1. Synthesis of 7-alkyl-1-cyano-7-methyl-7-azonia-bicyclo[2.2.1]heptane iodides 
 
In a 100 ml flask, a 7-alkyl-7-azabicyclo[2.2.1]heptane compound 134 (1 equiv., 35 mmol) was 
dissolved in acetonitrile (40 ml). MeI was added and the reaction mixture was shielded from light and 
stirred at appropriate temperature and time with the number of equivalents as indicated in Table 10. 
Then diethylether (20 ml) was added and the resulting suspension was stirred for an additional 15 
minutes before filtration, obtaining 7-alkyl-1-cyano-7-methyl-7-azonia-bicyclo[2.2.1]heptane iodides 
142. 
 
1-Cyano-7-methyl-7-octyl-7-azoniabicyclo[2.2.1]heptane iodide 142g 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.89 - 0.93 (3H, m, CH2CH3) ; 1.33 
- 1.43 (10H, m, 5x (CH2)oct) ; 1.74 - 1.89 (1H, m, N+CH2CHxHy) ; 1.94 - 
2.17 (3H, m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.30 - 2.46 (2H, m, 2x 
CHCHexoHendo) ; 2.51 - 2.83 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 3.30 
(3H, s, N+CH3) ; 3.34 - 3.43 (1H, m, N+CHxHy) ; 3.58 (1H, ddd, J1 = 
12.5Hz, J2 = 12.5Hz , J3 = 4.8Hz, N+CHxHy) ; 4.46 (1H, t, J = 4.4Hz, N+CH). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ 14.44 (CH3) ; 23.70 ((CH2)oct) ; 25.30 (N+CH2CH2) ; 27.48 ((CH2)oct) ; 27.56 
(CHCH2) ; 27.88 (CHCH2) ; 30.25 ((CH2)oct) ; 30.31 ((CH2)oct) ; 32.90 ((CH2)oct) ; 33.76 (CqCH2) ; 33.97 
(CqCH2) ; 41.84 (N+CH3) ; 49.04 (CD3OD) ; 57.82 (N+CH2) ; 71.97 (N+CH) ; 73.32 (N+Cq) ; 114.57 
(C≡N). IR (ATR, cm-1): 1465. MS (ESI, pos. mode): 249.3 (100, [C16H29N2]+). MS (ESI, neg. mode): 
127.0 (15, [I]-) ; 503.0 (100, [C16H29N2I2]-). MP: 156.2 - 156.8 °C. Elemental analysis (%): C16H29IN2 
calc: C, 51.07 ; H, 7.77 ; N, 7.44 ; exp: C, 50.89 ; H, 7.39 ; N, 7.64. White powder. Yield = 93%. 
Recrystallization from acetone/ether. 
 
1-Cyano-7-heptyl-7-methyl-7-azoniabicyclo[2.2.1]heptane iodide 142f 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.92 (3H, t, J = 6.6Hz, CH2CH3) ; 1.29 
- 1.55 (8H, m, 4x (CH2)hept) ; 1.75 - 1.89 (1H, m, N+CH2CHxHy) ; 1.94 - 2.18 
(3H, m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.29 - 2.48 (2H, m, 2x 
CHCHexoHendo) ; 2.53 - 2.84 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 3.31 - 3.42 
(4H, m, N+CH3, N+CHxHy) ; 3.59 (1H, ddd, J1 = 12.5Hz, J2 = 12.5Hz, J3 = 
4.8Hz, N+CHxHy) ; 4.49 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 14.38 (CH3) ; 
23.51 ((CH2)hept) ; 25.22 (N+CH2CH2) ; 27.42 ((CH2)hept, CHCH2) ; 27.82 (CHCH2) ; 29.93 ((CH2)hept) ; 
32.67 ((CH2)hept) ; 33.68 (CqCH2) ; 33.90 (CqCH2) ; 41.87 (N+CH3) ; 48.93 (CD3OD) ; 57.71 (N+CH2) ; 
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71.87 (N+CH) ; 73.20 (N+Cq) ; 114.51 (C≡N). IR (ATR, cm-1): 2954, 2925, 2858, 1469, 1234, 897. MS 
(ESI, pos. mode): 235.3 (100, [C15H27N2]+). MS (ESI, neg. mode): 127.0 (20, [I]-) ; 489.0 (100, 
[C15H27N2I2]-). MP: 156.0 °C. Elemental analysis (%): C15H27IN2 calc: C, 49.73 ; H, 7.51 ; N, 7.73 ; 
exp: C, 49.75 ; H, 7.56 ; N, 7.66. White powder. Yield = 73%. Recrystallization from acetone/ether. 
 
1-Cyano-7-hexyl-7-methyl-7-azoniabicyclo[2.2.1]heptane iodide 142e 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.94 (3H, t, J = 6.3Hz, CH2CH3) ; 1.36 - 
1.51 (6H, m, 3x (CH2)hex) ; 1.75 - 1.89 (1H, m, N+CH2CHxHy) ; 1.94 - 2.17 (3H, 
m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.31 - 2.48 (2H, m, 2x CHCHexoHendo) ; 
2.54 - 2.84 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 3.31 (3H, s, N+CH3) ; 3.34 - 
3.42 (1H, m, N+CHxHy) ; 3.56 - 3.64 (1H, m, N+CHxHy) ; 4.49 (1H, t, J = 3.9Hz, 
N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 14.32 (CH3) ; 23.50 ((CH2)hex) ; 25.27 (N+CH2CH2) ; 
27.21 ((CH2)hex) ; 27.51 (CHCH2) ; 27.93 (CHCH2) ; 32.46 ((CH2)hex) ; 33.79 (CqCH2) ; 34.00 (CqCH2) ; 
42.09 (N+CH3) ; 49.01 (CD3OD) ; 57.82 (N+CH2) ; 71.99 (N+CH) ; 73.29 (N+Cq) ; 114.63 (C≡N). IR 
(ATR, cm-1): 1467. MS (ESI, pos. mode): 221.3 (100, [C14H25N2]+). MS (ESI, neg. mode): 127.0 (100, 
[I]-). MP: 151.8 - 152.6 °C. Elemental analysis (%): C14H25IN2 calc: C, 48.28 ; H, 7.24 ; N, 8.04 ; exp: 
C, 48.21 ; H, 6.93 ; N, 8.16. White powder. Yield = 91%. Recrystallization from acetone/ether. 
 
7-Butyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane iodide 142d 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.05 (3H, t, J = 7.4Hz, CH2CH3) ; 1.39 - 
1.62 (2H, m, CH2CH2CH3) ; 1.74 - 1.89 (1H, m, N+CH2CHxHy) ; 1.92 - 2.18 (3H, 
m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.30 - 2.48 (2H, m, 2x CHCHexoHendo) ; 
2.53 - 2.84 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 3.31 (3H, s, N+CH3) ; 3.38 (1H, 
ddd, J1 = 12.7Hz, J2 = 12.7Hz , J3 = 5.0Hz, N+CHxHy) ; 3.60 (1H, ddd, J1 = 
12.5Hz, J2 = 12.5Hz , J3 = 4.8Hz, N+CHxHy) ; 4.48 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ 14.06 (CH3) ; 20.90 (CH2CH3) ; 27.21 (N+CH2CH2) ; 27.50 (CHCH2) ; 27.89 
(CHCH2) ; 33.77 (CqCH2) ; 33.99 (CqCH2) ; 41.99 (N+CH3) ; 49.04 (CD3OD) ; 57.62 (N+CH2) ; 71.99 
(N+CH) ; 73.32 (N+Cq) ; 114.60 (C≡N). IR (ATR, cm-1): 1463. MS (ESI, pos. mode): 193.0 (100, 
[C12H21N2]+). MS (ESI, neg. mode): 127.0 (15, [I]-) ; 447.0 (100, [C12H21N2I2]-). MP: 173.8 - 174.2 °C. 
Elemental analysis (%): C12H21IN2 calc: C, 45.01 ; H, 6.61 ; N, 8.75 ; exp: C, 45.00; H, 6.43 ; N, 8.63. 
Pale yellow powder. Yield = 86%. Recrystallization from acetone/ether. 
 
1-Cyano-7,7-dimethyl-7-azoniabicyclo[2.2.1]heptane iodide 142b 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.07 - 2.16 (2H, m, 2x CHCHexoHendo) ; 
2.39 - 2.72 (6H, m, 2x CHCHexoHendo, 2x CqCHaHb, 2x CqCHaHb) ; 3.33 (6H, s, 
2x N+CH3) ; 4.43 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 
25°C): δ 27.85 (2x CHCH2) ; 33.56 (2x CqCH2) ; 45.09 (2x N+CH3) ; 49.01 
(CD3OD) ; 72.89 (N+Cq) ; 75.15 (N+CH) ; 114.30 (C≡N). IR (ATR, cm-1): 1463, 
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1238. MS (ESI, pos. mode): 151.3 (100, [C9H15N2]+). MS (ESI, neg. mode): 127.0 (100, [I]-). MP: 
222.5 °C (degradation). Elemental analysis (%): C9H15IN2 calc: C, 38.86 ; H, 5.44 ; N, 10.07 ; exp: C, 
38.73 ; H, 5.67 ; N, 9.94. White powder. Yield = 83%. Recrystallization from acetone. 
 
1-Cyano-7-cyclohexyl-7-methyl-7-azoniabicyclo[2.2.1]heptane iodide 142n 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.21 - 1.34 (1H, m) ; 1.52 - 2.15 (10H, m) ; 
2.32 - 2.88 (7H, m) ; 3.18 (3H, s, N+CH3) ; 3.88 (1H, tt, J1 = 11.6Hz, J2 = 3.2Hz, 
N+CHCy) ; 4.46 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 
25.71 (CH2) ; 26.11 (CH2) ; 26.44 (CH2) ; 27.24 (CH2) ; 27.82 (CH2) ; 28.63 (CH2) 
; 29.25 (CH2) ; 33.21 (CH2) ; 35.83 (CH2) ; 36.63 (N+CH3) ;  49.04 (CD3OD) ; 
69.04 (N+CHCy) ; 71.16 (N+Cq) ; 73.64 (N+CH) ; 116.14 (C≡N). IR (ATR, cm-1): 
1448. MS (ESI, pos. mode): 219.0 (100, [C14H23N2]+). MS (ESI, neg. mode): 127.0 (20, [I]-) ; 473.0 
(100, [C14H23N2I2]-). MP: 162.8 - 163.0 °C. Elemental analysis (%): C14H23IN2 calc: C, 48.56 ; H, 6.70; 
N, 8.09 ; exp: C, 48.19 ; H, 6.49 ; N, 8.02. Yellow powder. Yield = 93%. Recrystallization from 
acetone/ether. 
 
1-Cyano-7-methyl-7-octadecyl-7-azoniabicyclo[2.2.1]heptane iodide 142h 
The iodide salt was obtained immediately after reaction by filtration. 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.90 (3H, t, J = 6.6Hz, CH2CH3) ; 1.29 
(26H, br s, 13x (CH2)octadec) ; 1.43 (4H, br s, 2x (CH2)octadec) ; 1.78 - 1.82 (1H, m, 
N+CH2CHxHy) ; 1.94 - 2.15 (3H, m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.27 - 2.44 
(2H, m, 2x CHCHexoHendo) ; 2.49 - 2.59 (2H, m, 2x CqCHaHb) ; 2.62 - 2.79 (2H, m, 
2x CqCHaHb) ; 3.28 (3H, s, N+CH3) ; 3.33 - 3.43 (1H, m, N+CHxHy) ; 3.55 (1H, 
ddd, J1 = 12.5Hz, J2 = 12.5Hz , J3 = 4.6Hz, N+CHxHy) ; 4.41 (1H, t, J = 4.4Hz, N+CH). 13C-NMR 
(CD3OD, 75.4MHz, 25°C): δ 14.49 (CH3) ; 23.79 (CH2) ; 25.25 (CH2) ; 27.42 (CH2) ; 27.56 (CH2) ; 
27.80 (CH2) ; 30.40 (CH2) ; 30.52 (CH2) ; 30.61 (CH2) ; 30.70 (CH2) ; 30.84 (8x CH2) ; 33.13 (CH2) ; 
33.73 (CqCH2) ; 33.91 (CqCH2) ; 41.59 (N+CH3) ; 49.04 (CD3OD) ; 57.79 (N+CH2) ; 71.90 (N+CH) ; 
73.36 (N+Cq) ; 114.42 (C≡N). IR (ATR, cm-1): 2917, 2850, 1466 (νC≡N). MS (ESI, pos. mode): 389.3 
(100, [C26H49N2]+). MS (ESI, neg. mode): 127.0 (50, [I]-) ; 505.0 (30) ; 640.0 (100). MP: 163.4 - 163.8 
°C. Elemental analysis (%): C26H49IN2 calc: C, 60.45 ; H, 9.56 ; N, 5.42 ; exp: C, 60.28 ; H, 9.73 ; N, 
5.39. Yellow crystals. Yield = 78%. 
 
1-Cyano-7-isobutyl-7-methyl-7-azoniabicyclo[2.2.1]heptane iodide 142i 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.19 (3H, d, J = 6.6Hz, CHCH3) ; 1.21 (3H, 
d, J = 6.6Hz, CHCH3) ; 2.09 - 2.20 (2H, m, 2x CHCHexoHendo) ; 2.32 - 2.59 (5H, 
m, 2x CHCHexoHendo, 2x CqCHaHb, CH(CH3)2) ; 2.62 - 2.79 (2H, m, 2x CqCHaHb) ; 
3.25 - 3.32 (4H, m, N+CH3, N+CHxHy) ; 3.47 - 3.56 (1H, m, N+CHxHy) ; 4.58 (1H, 
t, J = 5.0Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 21.89 (CHCH3) ; 
22.76 (CHCH3) ; 26.47 (CH(CH3)2) ; 28.02 (CHCH2) ; 28.06 (CHCH2) ; 33.35 (CqCH2) ; 33.57 (CqCH2) ; 
41.94 (N+CH3) ; 49.04 (CD3OD) ; 64.31 (N+CH2) ; 72.42 (N+CH) ; 75.09 (N+Cq) ; 114.53 (C≡N). IR 
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(ATR, cm-1): 2972, 1480, 1458, 947. MS (ESI, pos. mode): 193.3 (100, [C12H21N2]+). MS (ESI, neg. 
mode): 127 (15, [I]-) ; 447.0 (100, [C12H21N2I2]-). MP: 194.0 °C (degradation). Elemental analysis (%): 
C12H21IN2 calc: C, 45.01 ; H, 6.61 ; N, 8.75 ; exp: C, 45.26 ; H, 6.88 ; N, 8.69. White powder. Yield = 
83%. Recrystallization from acetone. 
 
1-Cyano-7-isopentyl-7-methyl-7-azoniabicyclo[2.2.1]heptane iodide 142j 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.03 (3H, d, J = 6.1Hz, CHCH3) ; 1.04 (3H, 
d, J = 6.1Hz, CHCH3) ; 1.68 - 1.98 (3H, m, (CHCH2)i-pen, CH(CH3)2) ; 2.09 - 2.18 
(2H, m, 2x CHCHexoHendo) ; 2.26 - 2.47 (2H, m, 2x CHCHexoHendo) ; 2.53 - 2.87 
(4H, m, 2x CqHaHb, 2x CqHaHb) ; 3.30 (3H, s, N+CH3) ; 3.39 (1H, ddd, J1 = 
12.5Hz, J2 = 12.5Hz, J3 = 4.7Hz, N+CHxHy) ; 3.58 (1H, ddd, J1 = 12.3Hz, J2 = 
12.3Hz, J3 = 4.2Hz, N+CHxHy) ; 4.49 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ 22.60 (CHCH3) ; 22.84 (CHCH3) ; 27.45 (CH(CH3)2) ; 27.54 (CHCH2) ; 27.89 
(CHCH2) ; 33.50 ((CHCH2)i-pen) ; 33.73 (CqCH2) ; 34.05 (CqCH2) ; 41.91 (N+CH3) ; 49.04 (CD3OD) ; 
56.80 (N+CH2) ; 71.96 (N+CH) ; 73.39 (N+Cq) ; 114.57 (C≡N). IR (ATR, cm-1): 2961, 1462, 950, 924, 
895. MS (ESI, pos. mode): 207.3 (100, [C13H23N2]+). MS (ESI, neg. mode): 127.0 (30, [I]-) ; 356.0 
(45) ; 461.0 (100, [C13H23N2I2]-). MP: 152.0 °C. Elemental analysis (%): C13H23IN2 calc: C, 46.71 ; H, 
6.94 ; N, 8.38 ; exp: C, 46.72 ; H, 7.14 ; N, 8.20. Pale yellow powder. Yield = 95%. Recrystallization 
from acetone. 
 
1-Cyano-7-(2-ethylhexyl)-7-methyl-7-azoniabicyclo[2.2.1]heptane iodide 142k 
After evaporation of the volatiles, the obtained oil was stirred with diethylether (3 x 50 ml). 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.96 (3H, d, J = 6.6Hz, CHCH3) ; 0.99 (3H, d, J = 7.4Hz, CHCH3) 
; 1.29 - 1.79 (8H, m, CHCH2CH2CH2CH3, CHCH2CH3) ; 2.15 - 2.24 (3H, m, 
N+CH2CH, 2x CHCHexoHendo) ; 2.33 - 2.53 (2H, m, 2x CHCHexoHendo) ; 2.58 - 
2.89 (4H, m, 2x CqCHaHb , 2x CqCHaHb) ; 3.19 - 3.29 (1H, m, N+CHxHy) ; 3.33 
(3H, s, N+CH3) ; 3.52 - 3.64 (1H, m, N+CHxHy) ; 4.64 (0.35H, t, J = 4.4Hz, 
N+CH (stereoisomer 2)) ; 4.65 (0.65H, t, J = 4.4Hz, N+CH (stereoisomer 1)). 
13C-NMR (CD3OD, 75.4MHz, 25°C): δ Stereoisomer 1 (65%): 10.40 (CHCH2CH3) ; 14.37 
(CH2CH2CH3) ; 23.80 (CH2CH2CH3) ; 25.96 (CHCH2CH3) ; 28.12 (2x CHCH2) ; 29.15 (CHCH2CH2) ; 
32.70 (CH2CH2CH2) ; 33.45 (CqCH2) ; 33.62 (CqCH2) ; 36.26 (N+CH2CH) ; 42.23 (N+CH3) ; 48.98 
(CD3OD) ; 61.62 (N+CH2) ; 72.62 (N+CH) ; 74.77 (N+Cq) ; 114.60 (C≡N). Stereoisomer 2 (35%): 10.54 
(CHCH2CH3) ; 14.43 (CH2CH2CH3) ; 23.86 (CH2CH2CH3) ; 26.22 (CHCH2CH3) ; 28.05 (2x CHCH2) ; 
28.96 (CHCH2CH2) ; 32.83 (CH2CH2CH2) ; 33.45 (CqCH2) ; 33.70 (CqCH2) ; 36.38 (N+CH2CH) ; 42.34 
(N+CH3) ; 48.98 (CD3OD) ; 61.68 (N+CH2) ; 72.62 (N+CH) ; 74.66 (N+Cq) ; 114.60 (C≡N). IR (ATR, cm-
1): 2960, 2931, 1458, 891. MS (ESI, pos. mode): 249.3 (100, [C16H29N2]+). MS (ESI, neg. mode): 
127.0 (40, [I]-) ; 398.0 (20) ; 503.0 (100, [C16H29N2I2]-). MP: 109.0 °C. Elemental analysis (%): 
C16H29IN2 calc: C, 51.07 ; H, 7.77 ; N, 7.44 ; exp: C, 50.78 ; H, 7.78 ; N, 7.13. Pale orange powder. 
Yield = 63%. Crystallization from acetone/ether. 
 
N
I
142j
NC
Me
Experimental part 
 107 
1-Cyano-7-(2-hydroxyethyl)-7-methyl-7-azoniabicyclo[2.2.1]heptane iodide 142r 
1H-NMR ((CD3)2SO, 300MHz, 25°C): δ 1.94 - 2.12 (2x CHCHexoHendo) ; 2.21 - 
2.38 (2H, m, 2x CHCHexoHendo) ; 2.46 - 2.71 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 
3.28 (3H, s, N+CH3) ; 3.37 - 3.48 (1H, m, N+CHxHy) ; 3.67 - 3.81 (1H, m, 
N+CHxHy) ; 3.82 - 3.93 (1H, m, CHxHyOH) ; 3.95 - 4.05 (1H, m, CHxHyOH) ; 4.58 
(1H, t, J = 4.4Hz, N+CH) ; 4.58 (1H, t, J = 4.7Hz, OH). 13C-NMR ((CD3)2SO, 
75.4MHz, 25°C): δ 26.18 (2x CHCH2) ; 31.33 (CH2Cq) ; 31.73 (CH2Cq) ; 39.42 ((CD3)2SO) ; 40.92 
(N+CH3) ; 55.61 (N+CH2CH2O) ; 57.26 (N+CH2CH2O)  ; 71.61 (N+CH) ; 71.97 (N+Cq) ; 114.02 (C≡N). IR 
(ATR, cm-1): 3344 (νOH), 1234, 1081, 1061, 985, 961, 893. MS (ESI, pos. mode): 181.3 (100, 
[C10H17N2O]+). MS (ESI, neg. mode): 127.0 (20, [I]-) ; 433.0 (100). MP: 198.0 °C (degradation). 
Elemental analysis (%):C10H17IN2O calc: C, 38.98 ; H, 5.56 ; N, 9.09 ; exp: C, 38.97 ; H, 5.64 ; N, 
9.09. White powder. Yield = 82%. 
 
1-Cyano-7-(2-methoxyethyl)-7-methyl-7-azoniabicyclo[2.2.1]heptane iodide 142t 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.07 - 2.19 (2H, m, 2x CHCHexoHendo) ; 2.37 
- 2.78 (6H, m, 2x CHCHexoHendo, 2x CqCHaHb, 2x CqCHaHb) ; 3.36 (3H, s, N+CH3) 
; 3.44 (3H, s, OCH3) ; 3.61 - 3.69 (1H, m, N+CHxHy) ; 3.81 - 3.89 (1H, m, 
N+CHxHy) ; 3.93 - 4.05 (2H, m, OCH2) ; 4.62 (1H, t, J = 4.7Hz, N+CH). 13C-NMR 
(CD3OD, 75.4MHz, 25°C): δ 27.84 (CHCH2) ; 27.90 (CHCH2) ; 33.52 (CqCH2) ; 
33.59 (CqCH2) ; 42.31 (N+CH3) ; 49.00 (CD3OD) ; 57.44 (N+CH2) ; 59.43 (OCH3) ; 67.57 (OCH2) ; 74.07 
(N+CH, N+Cq) ; 114.55 (C≡N). IR (ATR, cm-1): 1114. MS (ESI, pos. mode): 195.3 (100, [C11H19N2O]+). 
MS (ESI, neg. mode): 127.0 (35,
 
[I]-) ; 449.0 (100, [C11H19N2I2O]-). MP: 164°C. White powder. Yield = 
70%. Recrystallization from acetone. 
 
1-Cyano-7-methyl-7-((tetrahydrofuran-2-yl)methyl)-7-azoniabicyclo[2.2.1]heptane iodide 142u 
Stereoisomer 1: 60%, stereoisomer 2: 40%. 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.60 - 1.76 (1H, m, OCH2CHxHy) ; 1.85 - 
2.79 (11H, m, OCH2CHxHy, OCHCH2, 2x CHCHexoHendo, 2x CHCHexoHendo, 2x 
CqCHaHb ,2x CqCHaHb) ; 3.33 (1.2H, m, N+CH3 (stereoisomer 2)) ; 3.42 - 3.79 
(3.8H, m, N+CH3 (stereoisomer 1), N+CH2) ; 3.82 - 4.02 (2H, m, OCH2) ; 4.35 - 
4.44 (0.6H, m, OCH (stereoisomer 1)) ; 4.47 - 4.55 (1H, m, OCH (stereoisomer 2), N+CH 
(stereoisomer 1)) ; 4.70 (0.4H, t, J = 4.7Hz, N+CH (stereoisomer 2)). 13C-NMR (CD3OD, 75.4MHz, 
25°C): δ Stereoisomer 1: 25.80 (OCH2CH2) ; 27.44 (CHCH2) ; 28.08 (CHCH2) ; 31.50 (OCHCH2) ; 
33.44 (CqCH2) ; 33.79 (CqCH2) ; 43.65 (N+CH3) ; 49.09 (CD3OD) ; 61.23 (N+CH2) ; 69.96 (OCH2) ; 
72.46 (N+CH) ; 74.10 (N+Cq) ; 75.20 (N+CH2CHO) ; 114.54 (C≡N). Stereoisomer 2: 26.14 (OCH2CH2) 
; 27.74 (CHCH2) ; 27.80 (CHCH2) ; 30.99 (OCHCH2) ; 33.21 (CqCH2) ; 33.59 (CqCH2) ; 41.27 (N+CH3) ; 
49.09 (CD3OD) ; 60.94 (N+CH2) ; 70.19 (OCH2) ; 74.28 (N+Cq) ; 74.33 (N+CH2CHO) ; 74.52 (N+CH) ; 
114.60 (C≡N). IR (ATR, cm-1): 1458, 1093, 1075, 1062, 1019, 977, 949, 919, 894, 826. MS (ESI, pos. 
mode): 221.3 (100, [C13H21N2O]+). MS (ESI, neg. mode): 127.0 (25, [I]-) ; 475.0 (100, [C13H21N2OI2]-). 
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MP: 196.0 °C (degradation). Elemental analysis (%):C13H21IN2O calc: C, 44.84 ; H, 6.08 ; N, 8.04 ; 
exp: C, 45.13 ; H, 6.05 ; N, 7.75. Pale yellow powder. Yield = 78%. Recrystallization from acetone. 
 
7-Allyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane iodide 142p 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.07 - 2.18 (2H, m, 2x CHCHexoHendo) ; 2.33 
- 2.50 (2H, m, 2x CHCHexoHendo) ; 2.55 - 2.83 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 
3.27 (3H, s, N+CH3) ; 4.08 (1H, dd, J1 = 13.2Hz, J2 = 7.7Hz, N+CHxHy) ; 4.31 (1H, 
dd, J1 = 13.5Hz, J2 = 6.9Hz, N+CHxHy) ; 4.37 (1H, t, J = 4,7 Hz, N+CH) ; 5.74 - 
5.87 (2H, m, CH=CH2) ; 6.12 - 6.25 (1H, m, CH=CH2). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ 27.39 (CHCH2) ; 27.71 (CHCH2) ; 33.64 (CqCH2) ; 34.03 (CqCH2) ; 41.48 (N+CH3) ; 
49.00 (CD3OD) ; 59.94 (N+CH2) ; 72.42 (N+CH) ; 72.66 (N+Cq) ; 114.45 (C≡N) ; 126.54 (CH=CH2) ; 
129.15 (CH=CH2). IR (ATR, cm-1): 963. MS (ESI, pos. mode): 177.3 (100, [C11H17N2]+). MS (ESI, 
neg. mode): 127.0 (20, [I]-) ; 280.0 (100) ; 431.0 (35, [C11H17N2I2]-). MP: 190°C. Pale yellow powder. 
Yield = 54%. Recrystallization from acetone. 
 
7-Benzyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane iodide 142q 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.08 - 2.38 (3H, m, 2x CHCHexoHendo, 
CHCHexoHendo) ; 2.58 - 2.98 (5H, m, CHCHexoHendo, 2x CqHaHb, 2x CqHaHb) ; 
3.15 (3H, s, N+CH3) ; 4.31 (1H, t, J = 4.4Hz, N+CH) ; 4.50 (1H, d, J = 13.2Hz, 
N+CHxHy) ; 4.98 (1H, d, J = 13.2Hz, N+CHxHy) ; 7.53 - 7.61 (3H, m, C3HAr, 
C4HAr, C5HAr) ; 7.67 - 7.70 (2H, m, C2HAr, C6HAr). 13C-NMR (CD3OD, 75.4MHz, 
25°C): δ 27.70 (CHCH2) ; 28.25 (CHCH2) ; 33.67 (CqCH2) ; 34.32 (CqCH2) ; 41.22 (N+CH3) ; 49.04 
(CD3OD) ; 60.55 (N+CH2) ; 72.07 (N+CH) ; 73.50 (N+Cq) ; 114.39 (C≡N) ; 129.05 (C1) ; 130.63 (C5HAr, 
C3HAr) ; 132.10 (C4HAr) ; 133.60 (C2HAr, C6HAr). IR (ATR, cm-1): 1466, 1382, 903, 892, 724, 702. MS 
(ESI, pos. mode): 227.3 (100, [C15H19N2]+). MS (ESI, neg. mode): 127 (100, I). MP: 178.0 °C. 
Elemental analysis (%): C15H19IN2 calc: C, 50.86 ; H, 5.41 ; N, 7.91 ; exp: C, 51.14 ; H, 5.08 ; N, 7.79. 
Pale yellow powder. Yield = 14%. Recrystallization from acetone/ether. 
 
1-Cyano-7-(2-(1-cyano-7-azabicyclo[2.2.1]heptan-7-yl)ethyl)-7-methyl-7-
azoniabicyclo[2.2.1]heptane iodide 148a 
The iodide salt was obtained immediately after reaction by filtration. 
1H-NMR ((CD3)2SO, 300MHz, 25°C): δ 1.38 - 1.51 (2H, m, 2x 
NCHCHexoHendo) ; 1.69 - 2.10 (8H, m, 2x CHCHexoHendo, 2x 
NCqCHaHb, 2x NCqCHaHb, 2x N+CHCHexoHendo) ; 2.16 - 2.33 (2H, m, 
2x N+CHCHexoHendo) ; 2.56 - 2.77 (4H, m, 2x N+CqCHaHb, 2x 
N+CqCHaHb) ; 2.86 - 3.05 (2H, m, N+CH2CH2N) ; 3.29 (3H, s, N+CH3) 
; 3.43 - 3.54 (1H, m, N+CHxHyCH2N) ; 3.65 - 3.78 (2H, m, 
N+CHxHyCH2N, NCH) ; 4.58 (1H, t, J = 4.4Hz, N+CH). 13C-NMR ((CD3)2SO, 75.4MHz, 25°C): δ 26.27 
(N+CHCH2) ; 26.30 (N+CHCH2) ; 27.08 (NCHCH2) ; 27.75 (NCHCH2) ; 31.57 (N+CqCH2) ; 31.96 
(N+CqCH2) ; 32.94 (NCqCH2) ; 33.50 (NCqCH2) ; 39.52 ((CD3)2SO) ; 40.79 (N+CH2CH2N) ; 40.85 
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(N+CH3) ; 54.27 (N+CH2CH2N)  ; 59.58 (NCq) ; 59.64 (NCH) ; 71.59 (N+Cq) ; 72.27 (N+CH) ; 114.04 
(N+CqC≡N) ; 120.47 (NCqC≡N). IR (ATR, cm-1): 2977, 2884, 2244 (νC≡N), 1143, 895, 885. MS (ESI, 
pos. mode): 285.3 (100, [C17H25N4]+). MS (ESI, neg. mode): 127.0 (85, [I]-) ; 536.0 (100). MP: 198.0 
°C. Elemental analysis (%): C17H25IN4 calc: C, 49.52 ; H, 6.11 ; N, 13.59 ; exp: C, 49.85 ; H, 5.78 ; N, 
13.25. White powder. Yield = 74%.  
 
1,8-Di(1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptan-7-yl)-3,6-dioxaoctane iodide 148d  
After evaporation of the volatiles, a dark oil was obtained. 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.07 - 2.20 
(4H, m, 4x CHCHexoHendo) ; 2.39 - 2.60 (8H, m, 4x 
CHCHexoHendo, 4x CqCHaHb) ; 2.62 - 2.79 (4H, m, 4x 
CqCHaHb) ; 3.38 (6H, s, 2x N+CH3) ; 3.61 - 3.79 (2H, 
m, 2x N+CHxHy) ; 3.79 (4H, s, OCH2CH2O) ; 3.93 - 
4.05 (4H, m, 2x N+CHxHy, 2x N+CH2CHxHyO) ; 4.09 - 4.18 (2H, m, 2x N+CH2CHxHyO) ; 4.66 (2H, t, J = 
4.4Hz, 2x N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 28.02 (2x CHCH2) ; 28.15 (2x CHCH2) ; 33.61 
(2x CqCH2) ; 33.73 (2x CqCH2) ; 42.64 (2x N+CH3) ; 49.03 (CD3OD) ; 57.74 (2x N+CH2) ; 66.32 (2x 
N+CH2CH2O) ; 71.62 (OCH2CH2O) ; 74.23 (2x N+CH) ; 74.29 (2x N+Cq) ; 114.65 (2x C≡N). IR (ATR, 
cm-1): 2251 (νC≡N), 1455, 1109, 728. MS (ESI, pos. mode): 180.8 (35, 233) ; 194.3 (100, 234). MS 
(ESI, neg. mode): 127.0 (100, [I]-). MP: 89.0 °C. Elemental analysis (%):C22H36I2N4O2 calc: C, 41.14 
; H, 5.65 ; N, 8.72 ; exp: C, 41.04 ; H, 5.27 ; N, 8.86. Orange powder. Yield = 51%. Crystallized from 
acetone/ether. 
 
 
 
4.2.2.2. Synthesis of 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane nitrates 
 
Method A (for water-soluble iodide salts): In a flask of 10 ml, a 7-alkyl-1-cyano-7-methyl-7-
azoniabicyclo[2.2.1]heptane iodide 142 (1 equiv., 2.5 mmol) was dissolved in 5 - 8 ml distilled H2O and 
AgNO3 (1 equiv., 424.7 mg, 2.5 mmol) was added. A yellow precipitation immediately appeared and 
the reaction mixture was left stirring at room temperature for another hour. The yellow precipitate was 
filtered off and the filtrate was evaporated to obtain 7-alkyl-1-cyano-7-methyl-7-
azoniabicyclo[2.2.1]heptane nitrates 143. 
 
Method B (for water-insoluble iodide salts): In a flask of 10 ml, a 7-alkyl-1-cyano-7-methyl-7-
azoniabicyclo[2.2.1]heptane iodide 142 (1 equiv., 2.5 mmol) was dissolved in 5 - 8 ml acetonitrile and 
AgNO3 (1.1 equiv., 467.2 mg, 2.75 mmol) was added. The reaction mixture was left stirring at room 
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temperature for another hour and a white to yellow precipitate was formed, which was filtered off and 
the filtrate was evaporated. The residue was redissolved in methanol and the formed precipitate 
filtered off. Evaporation yielded 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane nitrates 143. 
 
1-Cyano-7-methyl-7-octyl-7-azoniabicyclo[2.2.1]heptane nitrate 143g 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.88 - 0.92 (3H, m, CH2CH3) ; 1.32 
- 1.42 (10H, m, 5x (CH2)oct) ; 1.73 - 1.87 (1H, m, N+CH2CHxHy) ; 1.92 - 
2.12 (3H, m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.27 - 2.45 (2H, m, 2x 
CHCHexoHendo) ; 2.48 - 2.59 (2H, m, 2x CqCHaHb) ; 2.62 - 2.81 (2H, m, 2x 
CqCHaHb) ; 3.28 (3H, s, N+CH3) ; 3.37 (1H, ddd, J1 = 12.3Hz, J2 = 12.3Hz 
, J3 = 5.0Hz, N+CHxHy) ; 3.54 (1H, ddd, J1 = 12.5Hz, J2 = 12.5Hz , J3 = 
4.8Hz, N+CHxHy) ; 4.42 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 14.41 (CH3) ; 
23.65 ((CH2)oct) ; 25.12 (N+CH2CH2) ; 27.39 ((CH2)oct) ; 27.48 (CHCH2) ; 27.76 (CHCH2) ; 30.18 
((CH2)oct) ; 30.25 ((CH2)oct) ; 32.86 ((CH2)oct) ; 33.70 (CqCH2) ; 33.91 (CqCH2) ; 41.51 (N+CH3) ; 49.03 
(CD3OD) ; 57.80 (N+CH2) ; 71.97 (N+CH) ; 73.24 (N+Cq) ; 114.56 (C≡N). IR (ATR, cm-1): 1336 (νNO3). 
MS (ESI, pos. mode): 249.3 (100, [C16H29N2]+). MP: 126.8 - 127.1 °C. Elemental analysis (%): 
C16H29N3O3 calc: C, 61.71 ; H, 9.39 ; N, 13.49 ; exp: C, 61.37 ; H, 9.71 ; N, 13.47. White powder. Yield 
= 74%. Recrystallization from acetone/ether. 
 
1-Cyano-7-heptyl-7-methyl-7-azoniabicyclo[2.2.1]heptane nitrate 143f 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.91 (3H, t, J = 6.6Hz, CH2CH3) ; 1.27 
- 1.47 (8H, m, 4x (CH2)hept) ; 1.73 - 1.87 (1H, m, N+CH2CHxHy) ; 1.93 - 2.16 
(3H, m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.29 - 2.48 (2H, m, 2x 
CHCHexoHendo) ; 2.51 - 2.86 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 3.26 - 3.43 
(4H, m, N+CH3, N+CHxHy) ; 3.60 (1H, ddd, J1 = 12.5Hz, J2 = 12.5Hz, J3 = 
4.6Hz, N+CHxHy) ; 4.47 (1H, t, J = 4.4Hz, N+CH). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ 14.37 (CH3) ; 23.23 ((CH2)hept) ; 24.69 (N+CH2CH2) ; 26.98 (CHCH2) ; 27.15 
((CH2)hept) ; 27.47 (CHCH2) ; 29.56 ((CH2)hept) ; 32.33 ((CH2)hept) ; 33.34 (CqCH2) ; 33.58 (CqCH2) ; 
41.31 (N+CH3) ; 49.00 (CD3OD) ; 57.40 (N+CH2) ; 71.67 (N+CH) ; 72.71 (N+Cq) ; 114.68 (C≡N). IR 
(ATR, cm-1): 1340 (νNO3). MS (ESI, pos. mode): 235.3 (100, [C15H27N2]
+). MP: < 60.0 °C. White 
powder. Yield = 79%. Recrystallization from acetone/ether. 
 
1-Cyano-7-hexyl-7-methyl-7-azoniabicyclo[2.2.1]heptane nitrate 143e 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.93 (3H, t, J = 6.3Hz, CH2CH3) ; 1.32 - 
1.50 (6H, m, 3x (CH2)hex) ; 1.72 - 1.87 (1H, m, N+CH2CHxHy) ; 1.92 - 2.14 
(3H, m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.28 - 2.46 (2H, m, 2x 
CHCHexoHendo) ; 2.50 - 2.82 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 3.29 (3H, s, 
N+CH3) ; 3.38 (1H, ddd, J1 = 12.7Hz, J2 = 12.7Hz, J3 = 4.6Hz, N+CHxHy) ; 
3.54 (1H, ddd, J1 = 12.5Hz, J2 = 12.5Hz , J3 = 4.6Hz, N+CHxHy) ; 4.44 (1H, t, J = 4.7Hz, N+CH). 13C-
NMR (CD3OD, 75.4MHz, 25°C): δ 14.17 (CH3) ; 23.30 ((CH2)hex) ; 24.87 (N+CH2CH2) ; 26.92 ((CH2)hex) 
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; 27.22 (CHCH2) ; 27.57 (CHCH2) ; 32.25 ((CH2)hex) ; 33.50 (CqCH2) ; 33.71 (CqCH2) ; 41.37 (N+CH3) ; 
48.90 (CD3OD) ; 57.58 (N+CH2) ; 71.78 (N+CH) ; 73.00 (N+Cq) ; 114.50 (C≡N). IR (ATR, cm-1): 1337 
(νNO3). MS (ESI, pos. mode): 221.0 (100, [C14H25N2]
+). MP: 113.1 - 113.7 °C. Elemental analysis 
(%): C14H25N3O3 calc: C, 59.34 ; H, 8.89 ; N, 14.83 ; exp: C, 59.58 ; H, 9.29 ; N, 14.72. White powder. 
Yield = 96%. Recrystallization from acetone/ether. 
 
7-Butyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane nitrate 143d 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.03 (3H, t, J = 7.4Hz, CH2CH3) ; 1.38 - 
1.53 (2H, m, CH2CH2CH3) ; 1.72 - 1.86 (1H, m, N+CH2CHxHy) ; 1.90 - 2.13 
(3H, m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.31 - 2.47 (2H, m, 2x 
CHCHexoHendo) ; 2.51 - 2.83 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 3.30 (3H, s, 
N+CH3) ; 3.38 (1H, ddd, J1 = 12.5Hz, J2 = 12.5Hz , J3 = 4.6Hz, N+CHxHy) ; 3.56 
(1H, ddd, J1 = 12.5Hz, J2 = 12.5Hz , J3 = 4.8Hz, N+CHxHy) ; 4.41 (1H, t, J = 4.8Hz, N+CH). 13C-NMR 
(CD3OD, 75.4MHz, 25°C): δ 13.97 (CH3) ; 20.67 (CH2CH3) ; 26.87 (N+CH2CH2) ; 27.31 (CHCH2) ; 
27.65 (CHCH2) ; 33.57 (CqCH2) ; 33.80 (CqCH2) ; 41.48 (N+CH3) ; 49.01 (CD3OD) ; 57.48 (N+CH2) ; 
71.90 (N+CH) ; 73.09 (N+Cq) ; 114.63 (C≡N). IR (ATR, cm-1): 1335 (νNO3). MS (ESI, pos. mode): 193.0 
(100, [C12H21N2]+). MS (ESI, neg. mode): 127.0 (15, [I]-) ; 447.0 (100, [C12H21N2I2]-). MP: 142.0 - 143.2 
°C. Elemental analysis (%): C12H21N3O3 calc: C, 56.45 ; H, 8.29 ; N, 16.46 ; exp: C, 56.14 ; H, 8.17 ; 
N, 16.21. Gray Powder. Yield = 77%. Recrystallization from acetone/ether. 
 
1-Cyano-7,7-dimethyl-7-azoniabicyclo[2.2.1]heptane nitrate 143b 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.03 - 2.16 (2H, m, 2x CHCHexoHendo) ; 
2.37 - 2.73 (6H, m, 2x CHCHexoHendo, 2x CqCHaHb, 2x CqCHaHb) ; 3.31 (6H, s, 
2x N+CH3) ; 4.34 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 
25°C): δ 27.80 (2x CHCH2) ; 33.54 (2x CqCH2) ; 44.86 (2x N+CH3) ; 49.04 
(CD3OD) ; 72.83 (N+Cq) ; 75.23 (N+CH) ; 114.31 (C≡N). IR (ATR, cm-1): 1339 
(νNO3), 1316 (νNO3). MS (ESI, pos. mode): 151.3 (100, [C9H15N2]
+). MP: 182.0 °C (degradation). 
Elemental analysis (%):C9H15N3O3 calc: C, 50.69 ; H, 7.09 ; N, 19.71 ; exp: C, 50.46 ; H, 7.10 ; N, 
19.99. White powder. Yield = 84%. Recrystallization from acetone. 
 
1-Cyano-7-cyclohexyl-7-methyl-7-azoniabicyclo[2.2.1]heptane nitrate 143n 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.24 (1H, tdt, J1 = 12.9Hz, J2 = 12.8Hz, 
J3 = 3.7Hz, Hcy) ; 1.47 - 2.12  (10H, m) ; 2.32 - 2.87 (7H, m) ; 3.18 (3H, s, 
N+CH3) ; 3.88 (1H, tt, J1 = 11.6Hz, J2 = 3.3Hz, N+CHCy) ; 4.54 (1H, t, J = 
4.7Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 25.65 (CH2) ; 26.05 
(CH2) ; 26.38 (CH2) ; 27.12 (CH2) ; 27.65 (CH2) ; 28.55 (CH2) ; 29.01 (CH2) ; 
33.06 (CH2) ; 35.74 (CH2) ; 36.29 (N+CH3) ;  49.04 (CD3OD) ; 68.98 (N+CHCy) 
; 71.02 (N+Cq) ; 73.58 (N+CH) ; 116.19 (C≡N). IR (ATR, cm-1): 1339 (νNO3), 1328 (νNO3). MS (ESI, pos. 
mode): 219.0 (100, [C14H23N2]+). MP: 165.7 - 166.1 °C (degradation). Elemental analysis (%): 
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C14H23N3O3 calc: C, 59.77 ; H, 8.24 ; N, 14.94 ; exp: C, 59.58 ; H, 8.51 ; N, 14.89. White crystals. Yield 
= 89%. Recrystallization from acetone/ether. 
 
1-Cyano-7-methyl-7-octadecyl-7-azoniabicyclo[2.2.1]heptane nitrate 143h 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.90 (3H, t, J = 6.4Hz, CH2CH3) ; 1.29 
(26H, br s, 13x (CH2)octadec) ; 1.43 (4H, br s, 2x (CH2)octadec) ; 1.71 - 1.86 (1H, 
m, N+CH2CHxHy) ; 1.91 - 2.15 (3H, m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.26 - 
2.44 (2H, m, 2x CHCHexoHendo) ; 2.48 - 2.58 (2H, m, 2x CqCHaHb) ; 2.62 - 2.80 
(2H, m, 2x CqCHaHb) ; 3.28 (3H, s, N+CH3) ; 3.35 - 3.43 (1H, m, N+CHxHy) ; 
3.55 (1H, ddd, J1 = 12.5Hz, J2 = 12.5Hz , J3 = 4.6Hz, N+CHxHy) ; 4.40 (1H, t, J = 4.7Hz, N+CH). 13C-
NMR (CD3OD, 75.4MHz, 25°C): δ 14.49 (CH3) ; 23.77 (CH2) ; 25.19 (CH2) ; 27.39 (CH2) ; 27.54 (CH2) 
; 27.76 (CH2) ; 30.38 (CH2) ; 30.52 (CH2) ; 30.60 (CH2) ; 30.69 (CH2) ; 30.83 (8x CH2) ; 33.12 (CH2) ; 
33.70 (CqCH2) ; 33.90 (CqCH2) ; 41.48 (N+CH3) ; 49.04 (CD3OD) ; 57.77 (N+CH2) ; 71.90 (N+CH) ; 
73.32 (N+Cq) ; 114.53 (C≡N). IR (ATR, cm-1): 1336 (νNO3). MS (ESI, pos. mode): 389.5 (100, 
[C26H49N2]+). MP: 122.0 °C. Elemental analysis (%):C26H49N3O3 calc: C, 69.14 ; H, 10.93 ; N, 9.30; 
exp: C, 69.56 ; H, 11.24 ; N, 9.17. White crystals. Yield = 83%. Recrystallization from acetone/ether. 
 
1-Cyano-7-isobutyl-7-methyl-7-azoniabicyclo[2.2.1]heptane nitrate 143i 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.18 (6H, t, J = 6.9Hz, CH(CH3)2) ; 2.07 - 
2.17 (2H, m, 2x CHCHexoHendo) ; 2.33 - 2.57 (5H, m, 2x CHCHexoHendo, 2x 
CqCHaHb, CH(CH3)2) ; 2.61 - 2.79 (2H, m, 2x CqCHaHb) ; 3.24 - 3.35 (4H, m, 
N+CH3, N+CHxHy) ; 3.46 - 3.55 (1H, m, N+CHxHy) ; 4.55 (1H, t, J = 5.0Hz, 
N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 21.76 (CH(CH3)2) ; 22.66 
(CH(CH3)2) ; 26.40 (CH(CH3)2) ; 27.93 (CHCH2) ; 27.96 (CHCH2) ; 33.28 (CqCH2) ; 33.50 (CqCH2) ; 
41.67 (N+CH3) ; 49.04 (CD3OD) ; 64.28 (N+CH2) ; 72.43 (N+CH) ; 74.98 (N+Cq) ; 114.56 (C≡N). IR 
(ATR, cm-1): 1339 (νNO3). MS (ESI, pos. mode): 193.3 (100, [C12H21N2]
+). MP: 132.0 °C. Elemental 
analysis (%):C12H21N3O3 calc: C, 56.45 ; H, 8.29 ; N, 16.46 ; exp: C, 55.74 ; H, 8.15 ; N, 15.75. Gray 
powder. Yield = 76%.  
 
1-Cyano-7-isopentyl-7-methyl-7-azoniabicyclo[2.2.1]heptane nitrate 143j 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.01 (6H, d, J = 6.1Hz, CH(CH3)2) ; 1.66 
- 1.97 (3H, m, (CHCH2)i-pen, CH(CH3)2) ; 2.06 - 2.16 (2H, m, 2x CHCHexoHendo) 
; 2.26 - 2.47 (2H, m, 2x CHCHexoHendo) ; 2.52 - 2.87 (4H, m, 4x 2x CqHaHb, 2x 
CqHaHb) ; 3.30 (3H, s, N+CH3) ; 3.35 - 3.44 (1H, m, N+CHxHy) ; 3.58 (1H, ddd, 
J1 = 12.5Hz, J2 = 12.5Hz, J3 = 3.5Hz, N+CHxHy) ; 4.46 (1H, t, J = 4.7Hz, 
N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 22.46 (CHCH3) ; 22.64 
(CHCH3) ; 27.19 (CH(CH3)2) ; 27.24 (CHCH2) ; 27.60 (CHCH2) ; 33.07 ((CHCH2)i-pen) ; 33.45 (CqCH2) ; 
33.79 (CqCH2) ; 41.39 (N+CH3) ; 48.96 (CD3OD) ; 56.55 (N+CH2) ; 71.76 (N+CH) ; 73.03 (N+Cq) ; 
114.57 (C≡N). IR (ATR, cm-1): 1337 (νNO3). MS (ESI, pos. mode): 207.3 (100, [C13H23N2]
+). MP: 99.0 
°C. Grey powder. Yield = 83%. 
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1-Cyano-7-(2-ethylhexyl)-7-methyl-7-azoniabicyclo[2.2.1]heptane nitrate 143k 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.90 - 1.01 (6H, m, 2x CH2CH3) ; 1.27 - 
1.76 (8H, m, CHCH2CH2CH2CH3, CHCH2CH3) ; 2.10 - 2.19 (3H, m, 
N+CH2CH, 2x CHCHexoHendo) ; 2.33 - 2.85 (6H, m, 2x CHCHexoHendo, 2x 
CqCHaHb , 2x CqCHaHb) ; 3.21 - 3.36 (4H, m, N+CH3, N+CHxHy) ; 3.53 - 3.62 
(1H, m, N+CHxHy) ; 4.54 (0.35H, t, J = 4.1Hz, N+CH (stereoisomer 2)) ; 4.55 
(0.65H, t, J = 4.1Hz, N+CH (stereoisomer 1)). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ Stereoisomer 1 
(66%): 10.08 (CHCH2CH3) ; 14.29 (CH2CH2CH3) ; 23.52 (CH2CH2CH3) ; 25.65 (CHCH2CH3) ; 27.82 
(CHCH2) ; 27.89 (CHCH2) ; 28.89 (CHCH2CH2) ; 32.46 (CH2CH2CH2) ; 33.18 (CqCH2) ; 33.38 (CqCH2) 
; 36.00 (N+CH2CH) ; 41.50 (N+CH3) ; 48.95 (CD3OD) ; 61.35 (N+CH2) ; 72.46 (N+CH) ; 74.42 (N+Cq) ; 
114.56 (C≡N). Stereoisomer 2 (34%): 10.31 (CHCH2CH3) ; 14.29 (CH2CH2CH3) ; 23.67 (CH2CH2CH3) 
; 25.94 (CHCH2CH3) ; 27.77 (CHCH2) ; 27.89 (CHCH2) ; 28.69 (CHCH2CH2) ; 32.52 (CH2CH2CH2) ; 
33.18 (CqCH2) ; 33.45 (CqCH2) ; 36.11 (N+CH2CH) ; 41.62 (N+CH3) ; 48.95 (CD3OD) ; 61.42 (N+CH2) ; 
72.46 (N+CH) ; 74.31 (N+Cq) ; 114.56 (C≡N). IR (ATR, cm-1): 1336 (νNO3). MS (ESI, pos. mode): 249.3 
(100, [C16H29N2]+). Brown oil. Yield = 60%. 
 
1-Cyano-7-(2-methoxyethyl)-7-methyl-7-azoniabicyclo[2.2.1]heptane nitrate 143t 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.01 - 2.18 (2H, m, 2x CHCHexoHendo) ; 
2.34 - 2.76 (6H, m, 2x CHCHexoHendo, 2x CqCHaHb, 2 x CqCHaHb) ; 3.34 (3H, 
s, N+CH3) ; 3.42 (3H, s, OCH3) ; 3.59 - 3.68 (1H, m, N+CHxHy) ; 3.81 - 4.03 
(3H, m, N+CHxHy, OCH2) ; 4.57 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ 27.72 (CHCH2) ; 27.79 (CHCH2) ; 33.44 (CqCH2) ; 33.49 
(CqCH2) ; 41.84 (N+CH3) ; 49.00 (CD3OD) ; 57.32 (N+CH2) ; 59.23 (OCH3) ; 67.43 (OCH2) ; 73.98 
(N+Cq) ; 74.09 (N+CH) ; 114.56 (C≡N). IR (ATR, cm-1): 1332 (νNO3). MS (ESI, pos. mode): 195.3 (100, 
[C11H19N2O]+). White crystals. Yield = 76%. Recrystallization from acetone. 
 
 
1-Cyano-7-methyl-7-((tetrahydrofuran-2-yl)methyl)-7-azoniabicyclo[2.2.1]heptane nitrate 143u 
Stereoisomer 1: 60%, stereoisomer 2: 40%. 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.60 - 1.75 (1H, m, OCH2CHxHy) ; 1.88 
- 2.82 (11H, m, OCH2CHxHy, OCHCH2, 2x CHCHexoHendo, 2x CHCHexoHendo, 
2x CqCHaHb ,2x CqCHaHb) ; 3.36 (1.2H, m, N+CH3 (stereoisomer 2)) ; 3.40 - 
3.79 (3.8H, m, N+CH3 (stereoisomer 1), N+CH2) ; 3.81 - 4.01 (2H, m, OCH2) 
; 4.36 - 4.44 (0.6H, m, OCH (stereoisomer 1)) ; 4.46 - 4.56 (1H, m, OCH (stereoisomer 2), N+CH 
(stereoisomer 1)) ; 4.71 (0.4H, t, J = 4.7Hz, N+CH (stereoisomer 2)). 13C-NMR (CD3OD, 75.4MHz, 
25°C): δ Stereoisomer 1: 25.76 (OCH2CH2) ; 27.42 (CHCH2) ; 28.05 (CHCH2) ; 31.42 (OCHCH2) ; 
33.41 (CqCH2) ; 33.71 (CqCH2) ; 43.61 (N+CH3) ; 48.98 (CD3OD) ; 61.12 (N+CH2) ; 69.88 (OCH2) ; 
72.29 (N+CH) ; 74.04 (N+Cq) ; 75.15 (N+CH2CHO) ; 114.42 (C≡N). Stereoisomer 2: 26.09 (OCH2CH2) 
; 27.73 (CHCH2) ; 27.76 (CHCH2) ; 30.98 (OCHCH2) ; 33.15 (CqCH2) ; 33.56 (CqCH2) ; 41.18 (N+CH3) ; 
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48.98 (CD3OD) ; 60.87 (N+CH2) ; 70.11 (OCH2) ; 74.22 (N+Cq, N+CH2CHO) ; 74.40 (N+CH) ; 114.50 
(C≡N). IR (ATR, cm-1): 2980, 1338 (νNO3). MS (ESI, pos. mode): 221.3 (100, [C13H21N2O]
+). MP: 
147.0 °C. Elemental analysis (%):C13H21N3O4 calc: C, 55.11 ; H, 7.47 ; N, 14.83 ; exp: C, 55.29 ; H, 
7.50; N, 14.52. Gray powder. Yield = 73%. Recrystallization from acetone. 
 
7-Allyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane nitrate 143p 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.05 - 2.16 (2H, m, 2x CHCHexoHendo) ; 
2.33 - 2.49 (2H, m, 2x CHCHexoHendo) ; 2.53 - 2.82 (4H, m, 2x CqCHaHb, 2x 
CqCHaHb) ; 3.27 (3H, s, N+CH3) ; 4.07 (1H, dd, J1 = 13.5 Hz, J2 = 7.4 Hz, 
N+CHxHy) ; 4.29 (1H, dd, J1 = 13.5Hz, J2 = 7.4Hz, N+CHxHy) ; 4.24 - 4.39 (1H, 
t, J = 5.0Hz, N+CH) ; 5.72 - 5.85 (2H, m, CH=CH2) ; 6.11 - 6.24 (1H, m, 
CH=CH2). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 27.32 (CHCH2) ; 27.62 (CHCH2) ; 33.56 (CqCH2) ; 
33.99 (CqCH2) ; 41.32 (N+CH3) ; 49.00 (CD3OD) ; 59.92 (N+CH2) ; 72.44 (N+CH) ; 72.53 (N+Cq) ; 
114.42 (C≡N) ; 126.44 (CH=CH2) ; 129.04 (CH=CH2). IR (ATR, cm-1): 1138 (νNO3). MS (ESI, pos. 
mode): 177.3 (100, [C11H17N2]+). MP: 179 °C. White powder. Yield = 67%. Recrystallization from 
methanol/ether. 
 
7-Benzyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane nitrate 143q 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.05 - 2.37 (3H, m, 2x CHCHexoHendo, 
CHCHexoHendo) ; 2.55 - 2.99 (5H, m, CHCHexoHendo, 2x CqHaHb, 2x CqHaHb) ; 
3.14 (3H, s, N+CH3) ; 4.29 (1H, t, J = 4.4Hz, N+CH) ; 4.51 (1H, d, J = 
13.2Hz, N+CHxHy) ; 4.95 (1H, d, J = 13.2Hz, N+CHxHy) ; 7.51 - 7.59 (3H, m, 
C3HAr, C4HAr, C5HAr) ; 7.62 - 7.70 (2H, m, C2HAr, C6HAr). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ 27.59 (CHCH2) ; 28.12 (CHCH2) ; 33.56 (CqCH2) ; 34.26 (CqCH2) ; 41.01 (N+CH3) ; 
49.07 (CD3OD) ; 60.45 (N+CH2) ; 72.11 (N+CH) ; 73.35 (N+Cq) ; 114.47 (C≡N) ; 129.29 (CAr) ; 130.57 
(C5HAr, C3HAr) ; 132.02 (C4HAr) ; 133.70 (C2HAr, C6HAr). IR (ATR, cm-1): 1260, 1242, 1224, 1151, 1030. 
MS (ESI, pos. mode): 227.3 (100, [C15H19N2]+). MP: 132.0 °C. Pale yellow powder. Yield = 64%. 
Recrystallization from acetone. 
 
1-Cyano-7-(2-(1-cyano-7-azabicyclo[2.2.1]heptan-7-yl)ethyl)-7-methyl-7-
azoniabicyclo[2.2.1]heptane nitrate 152a 
1H-NMR ((CD3)2SO, 300MHz, 25°C): δ 1.39 - 1.49 , 2x (2H, m, 2x 
NCHCHexoHendo) ; 1.68 - 2.09 (8H, m, NCHCHexoHendo 2x NCqCHaHb, 
2xNCqCHaHb, 2x N+CHCHexoHendo) ; 2.15 - 2.33 (2H, m, 2x 
N+CHCHexoHendo) ; 2.58 - 2.77 (4H, m, 2x N+CqCHaHb, 2x 
N+CqCHaHb) ; 2.86 - 3.05 (2H, m, N+CH2CH2N) ; 3.29 (3H, s, N+CH3) 
; 3.43 - 3.55 (1H, m, N+CHxHyCH2N) ; 3.64 - 3.76 (2H, m, 
N+CHxHyCH2N, NCH) ; 4.57 (1H, t, J = 4.1Hz, N+CH). 13C-NMR ((CD3)2SO, 75.4MHz, 25°C): δ 26.15 
(N+CHCH2) ; 26.20 (N+CHCH2) ; 26.98 (NCHCH2) ; 27.65 (NCHCH2) ; 31.45 (N+CqCH2) ; 31.86 
(N+CqCH2) ; 32.84 (NCqCH2) ; 33.41 (NCqCH2) ; 39.39 ((CD3)2SO) ; 40.55 (N+CH2CH2N) ; 40.64 
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(N+CH3) ; 54.13 (N+CH2CH2N)  ; 59.50 (NCq, NCH) ; 71.49 (N+Cq) ; 72.16 (N+CH) ; 113.96 (N+CqC≡N) ; 
120.37 (NCqC≡N). IR (ATR, cm-1): 1346 (νNO3), 1332 (νNO3), 1320 (νNO3). MS (ESI, pos. mode): 285.3 
(100, [C17H25N3]+). MP: 164.0 °C. Elemental analysis (%): C15H21IN2 calc: C, 58.77 ; H, 7.25 ; N, 
20.16 ; exp: C, 58.14 ; H, 7.58 ; N, 20.02. White powder. Yield = 84%. Recrystallization from acetone. 
 
4.2.2.3. Synthesis of 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane tetrafluoroborates 
 
Method A (for water-soluble iodide salts): In a flask of 10 ml, a 7-alkyl-1-cyano-7-methyl-7-
azoniabicyclo[2.2.1]heptane iodide 142 (1 equiv., 2.5 mmol) was dissolved in 5 - 8 ml distilled H2O and 
AgBF4 (1 equiv., 486.7 mg, 2.5 mmol) was added. A yellow precipitation immediately appeared and 
the reaction mixture was left stirring at room temperature for another hour. The yellow precipitate was 
filtered off and the filtrate was evaporated to obtain 7-alkyl-1-cyano-7-methyl-7-
azoniabicyclo[2.2.1]heptane tetrafluoroborates 144. 
 
Method B (for water-insoluble iodide salts): In a flask of 10 ml, a 7-alkyl-1-cyano-7-methyl-7-
azoniabicyclo[2.2.1]heptane iodide 142 (1 equiv., 2.5 mmol) was dissolved in 5 - 8 ml acetonitrile and 
AgBF4 (1.1 equiv., 535.4 mg, 2.75 mmol) was added. The reaction mixture was left stirring at room 
temperature for another hour and a white to yellow precipitate was formed, which was filtered off and 
the filtrate was evaporated.  The residue was redissolved in boiling methanol and the formed 
precipitate filtered off. Evaporation yielded 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane 
tetrafluoroborates 144. 
 
1-Cyano-7-methyl-7-octyl-7-azoniabicyclo[2.2.1]heptane tetrafluoroborate 144g 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.89 - 0.91 (3H, m, CH2CH3) ; 1.32 
- 1.41 (10H, m, 5x (CH2)oct) ; 1.72 - 1.86 (1H, m, N+CH2CHxHy) ; 1.92 - 
2.13 (3H, m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.25 - 2.45 (2H, m, 2x 
CHCHexoHendo) ; 2.48 - 2.79 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 3.26 
(3H, s, N+CH3) ; 3.30 - 3.40 (1H, m, N+CHxHy) ; 3.54 (1H, ddd, J1 = 
12.5Hz, J2 = 12.5Hz , J3 = 4.7Hz, N+CHxHy) ; 4.40 (1H, t, J = 4.4Hz, 
N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 14.46 (CH3) ; 23.68 ((CH2)oct) ; 25.10 (N+CH2CH2) ; 
27.35 ((CH2)oct) ; 27.44 (CHCH2) ; 27.73 (CHCH2) ; 30.20 ((CH2)oct) ; 30.25 ((CH2)oct) ; 32.87 ((CH2)oct) ; 
33.65 (CqCH2) ; 33.88 (CqCH2) ; 41.51 (N+CH3) ; 49.07 (CD3OD) ; 57.77 (N+CH2) ; 71.96 (N+CH) ; 
73.21 (N+Cq) ; 114.65 (C≡N). 19F-NMR (CD3OD, 282MHz, 25°C): δ -151.77 (10BF4) ; -151.82 (11BF4). 
IR (ATR, cm-1): 1046 (νBF4), 1032 (νBF4). MS (ESI, pos. mode): 249.3 (100, [C16H29N2]+). MS (ESI, 
neg. mode): [86.3 (5) ; 87.3 (20)] ([BF4]-) ; [421.3 (10) ; 422.3 (55) ; 423.3 (100)] ( [C16H29N2(BF4)2]-). 
MP: 131.9 - 132.8 °C. Elemental analysis (%): C16H29BF4N2 calc: C, 57.16 ; H, 8.69 ; N, 8.33 ; exp: 
C, 56.81 ; H, 8.58 ; N, 8.22. White crystals. Yield = 70%. Recrystallized from acetone/ether. 
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1-Cyano-7-heptyl-7-methyl-7-azoniabicyclo[2.2.1]heptane tetrafluoroborate 144f 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.92 (3H, t, J = 6.3Hz, CH2CH3) ; 1.29 
- 1.48 (8H, m, 4x (CH2)hept) ; 1.72 - 1.86 (1H, m, N+CH2CHxHy) ; 1.92 - 2.16 
(3H, m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.26 - 2.45 (2H, m, 2x 
CHCHexoHendo) ; 2.48 - 2.79 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 3.26 (3H, s, 
N+CH3) ; 3.30 - 3.40 (1H, m, N+CHxHy) ; 3.54 (1H, ddd, J1 = 12.7Hz, J2 = 
12.7Hz, J3 = 4.4Hz, N+CHxHy) ; 4.49 (1H, t, J = 4.4Hz, N+CH). 13C-NMR 
(CD3OD, 75.4MHz, 25°C): δ 14.38 (CH3) ; 23.54 ((CH2)hept) ; 25.04 (N+CH2CH2) ; 27.28 (CHCH2) ; 
27.33 ((CH2)hept) ; 27.67 (CHCH2) ; 29.91 ((CH2)hept) ; 32.69 ((CH2)hept) ; 33.59 (CqCH2) ; 33.80 (CqCH2) 
; 41.47 (N+CH3) ; 49.03 (CD3OD) ; 57.70 (N+CH2) ; 71.88 (N+CH) ; 73.15 (N+Cq) ; 114.60 (C≡N). 19F-
NMR (CD3OD, 282MHz, 25°C): δ -152.83 (10BF4) ; -152.88 (11BF4). IR (ATR, cm-1): 1047 (νBF4), 1034 
(νBF4). MS (ESI, pos. mode): 235.3 (100, [C15H27N2]+). MS (ESI, neg. mode): [86.3 (10) ; 87.3 (40)] 
([BF4]-) ; [407.3 (10) ; 408.3 (55) ; 409.3 (100)] ([C12H27N2(BF4)2]-). MP: 157.0 °C. Elemental analysis 
(%): C15H27BF4N2 calc: C, 55.92 ; H, 8.45 ; N, 8.69 ; exp: C, 48.48 ; H, 7.76 ; N, 7.48. Gray powder. 
Yield = 73%. Recrystallization from methanol. 
 
1-Cyano-7-hexyl-7-methyl-7-azoniabicyclo[2.2.1]heptane tetrafluoroborate 144e 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.94 (3H, t, J = 6.9Hz, CH2CH3) ; 1.35 - 
1.47 (6H, m, 3x (CH2)hex) ; 1.72 - 1.86 (1H, m, N+CH2CHxHy) ; 1.92 - 2.14 (3H, 
m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.25 - 2.45 (2H, m, 2x CHCHexoHendo) ; 
2.48 - 2.79 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 3.26 (3H, s, N+CH3) ; 3.30 - 
3.40 (1H, m, N+CHxHy) ; 3.54 (1H, ddd, J1 = 12.5Hz, J2 = 12.5Hz , J3 = 4.8Hz, 
N+CHxHy) ; 4.40 (1H, t, J = 4.4Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 14.25 (CH3) ; 23.41 
((CH2)hex) ; 24.97 (N+CH2CH2) ; 27.01 ((CH2)hex) ; 27.26 (CHCH2) ; 27.64 (CHCH2) ; 32.36 ((CH2)hex) ; 
33.56 (CqCH2) ; 33.78 (CqCH2) ; 41.44 (N+CH3) ; 49.00 (CD3OD) ; 57.67 (N+CH2) ; 71.86 (N+CH) ; 
73.12 (N+Cq) ; 114.59 (C≡N). 19F-NMR (CD3OD, 282MHz, 25°C): δ -152.77 (10BF4) ; -152.82 (11BF4). 
IR (ATR, cm-1): 1032 (νBF4). MS (ESI, pos. mode): 221.0 (100, [C14H25N2]+). MS (ESI, neg. mode): 
[86.3 (5) ; 87.3 (20)] ([BF4]-) ; [393.3 (10) ; 394.3 (55) ; 395.3 (100)] ([C14H25N2(BF4)2]-). MP: 118.0 - 
118.4 °C. Elemental analysis (%): C14H25BF4N2 calc: C, 54.56 ; H, 8.18 ; N, 9.09 ; exp: C, 54.21 ; H, 
8.17 ; N, 8.86. Beige powder. Yield = 53%. Recrystallization from acetone/ether. 
 
7-Butyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane tetrafluoroborate 144d 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.03 (3H, t, J = 7.4Hz, CH2CH3) ; 1.41 - 
1.53 (2H, sextet, J = 7.4Hz, CH2CH2CH3) ; 1.71 - 1.85 (1H, m, N+CH2CHxHy) 
; 1.90 - 2.13 (3H, m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.28 - 2.45 (2H, m, 2x 
CHCHexoHendo) ; 2.49 - 2.78 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 3.26 (3H, s, 
N+CH3) ; 3.36 (1H, m, N+CHxHy) ; 3.56 (1H, ddd, J1 = 12.5Hz, J2 = 12.5Hz , J3 
= 4.6Hz, N+CHxHy) ; 4.39 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 13.99 (CH3) 
; 20.80 (CH2CH3) ; 27.01 (N+CH2CH2) ; 27.36 (CHCH2) ; 27.73 (CHCH2) ; 33.67 (CqCH2) ; 33.90 
(CqCH2) ; 41.54 (N+CH3) ; 49.07 (CD3OD) ; 57.59 (N+CH2) ; 71.97 (N+CH) ; 73.27 (N+Cq) ; 114.65 
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(C≡N). 19F-NMR (CD3OD, 282MHz, 25°C): δ -153.37 (11BF4) ; -153.57 (10BF4). IR (ATR, cm-1): 1047 
(νBF4), 1032 (νBF4). MS (ESI, pos. mode): 193.0 (100, [C12H21N2]+). MS (ESI, neg. mode): [86.3 (5) ; 
87.3 (20)] ([BF4]-) ; [365.3 (5) ; 366.3 (45) ; 367.3 (100)] ([C14H21N2(BF4)2]-). MP: 141.7 - 142.3 °C. 
Elemental analysis (%): C12H21BF4N2 calc: C, 51.45 ; H, 7.56 ; N, 10.00; exp: C, 51.67 ; H, 7.88 ; N, 
10.01. Pale yellow crystals. Yield = 58%. Recrystallization from acetone/ether. 
 
1-Cyano-7,7-dimethyl-7-azoniabicyclo[2.2.1]heptane tetrafluoroborate 144b 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.03 - 2.16 (2H, m, 2x CHCHexoHendo) ; 
2.38 - 2.71 (6H, m, 2x CHCHexoHendo, 2x CqCHaHb, 2x CqCHaHb) ; 3.31 (6H, 
s, 2x N+CH3) ; 4.34 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 
25°C): δ 27.80 (2x CHCH2) ; 33.54 (2x CqCH2) ; 45.86 (2x N+CH3) ; 49.04 
(CD3OD) ; 72.84 (N+Cq) ; 75.21 (N+CH) ; 114.34 (C≡N). 19F-NMR (CD3OD, 
282MHz, 25°C): δ -152.60 (10BF4) ; -152.65 (11BF4). IR (ATR, cm-1): 1026 (νBF4). MS (ESI, pos. 
mode): 151.3 (100, [C9H15N2]+). MS (ESI, neg. mode): [86.3 (15) ; 87.3 (55)] ([BF4]-) ; [407.3 (10) ; 
408.3 (55) ; 409.3 (100)] ([C7H15N2(BF4)2]-). MP: 187.0 °C (degradation). Elemental analysis 
(%):C9H15BF4N2 calc: C, 45.41 ; H, 6.35 ; N, 11.77 ; exp: C, 43.68 ; H, 6.02 ; N, 11.70. Grey powder. 
Yield = 86%. Recrystallization from acetone. 
 
1-Cyano-7-cyclohexyl-7-methyl-7-azoniabicyclo[2.2.1]heptane tetrafluoroborate 144n 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.25 (1H, tdt, J1 = 12.7Hz, J2 = 12.7Hz, 
J3 = 3.7Hz, Hcy) ; 1.49 - 2.15  (10H, m) ; 2.32 - 2.84 (7H, m) ; 3.15 (3H, s, 
N+CH3) ; 3.85 (1H, tt, J1 = 11.6Hz, J2 = 3.3Hz, N+CHCy) ; 4.51 (1H, t, J = 
4.7Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 25.57 (CH2) ; 25.93 
(CH2) ; 26.26 (CH2) ; 26.98 (CH2) ; 27.53 (CH2) ; 28.46 (CH2) ; 28.90 (CH2) ; 
32.93 (CH2) ; 35.62 (CH2) ; 36.22 (N+CH3) ; 48.96 (CD3OD) ; 68.84 
(N+CHCy) ; 70.92 (N+Cq) ; 73.42 (N+CH) ; 116.08 (C≡N) ; 120.77 (CCl3F). 19F-NMR (CD3OD, 282MHz, 
25°C): δ -151.59 (10BF4) ; -151.64 (11BF4). IR (ATR, cm-1): 1032 (νBF4). MS (ESI, pos. mode): 219.0 
(100, [C14H23N2]+). MS (ESI, neg. mode): [86.3 (5) ; 87.3 (20)] ([BF4]-) ; [391.3 (5) ; 392.3 (45) ; 393.3 
(100)] ([C14H23N2(BF4)2]-). MP: 131.5 - 133.2 °C. Elemental analysis (%): C14H23BF4N2 calc: C, 54.92 
; H, 7.57 ; N, 9.15 ; exp: C, 54.68 ; H, 7.89 ; N, 8.97. White crystals. Yield = 46%. Recrystallization 
from acetone/ether. 
 
1-Cyano-7-methyl-7-octadecyl-7-azoniabicyclo[2.2.1]heptane tetrafluoroborate 144h 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.90 (3H, t, J = 6.6Hz, CH2CH3) ; 1.29 
(26H, br s, 13x (CH2)octadec) ; 1.43 (4H, br s, 2x (CH2)octadec) ; 1.72 - 1.85 (1H, 
m, N+CH2CHxHy) ; 1.92 - 2.15 (3H, m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.25 - 
2.44 (2H, m, 2x CHCHexoHendo) ; 2.46 - 2.58 (2H, m, 2x CqCHaHb) ; 2.62 - 2.80 
(2H, m, 2x CqCHaHb) ; 3.27 (3H, s, N+CH3) ; 3.34 - 3.43 (1H, m, N+CHxHy) ; 
3.55 (1H, ddd, J1 = 12.5Hz, J2 = 12.5Hz , J3 = 4.6Hz, N+CHxHy) ; 4.39 (1H, t, J = 4.7Hz, N+CH). 13C-
NMR (CD3OD, 75.4MHz, 25°C): δ 14.49 (CH3) ; 23.79 (CH2) ; 25.19 (CH2) ; 27.38 (CH2) ; 27.54 (CH2) 
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; 27.76 (CH2) ; 30.40 (CH2) ; 30.52 (CH2) ; 30.61 (CH2) ; 30.69 (CH2) ; 30.83 (8x CH2) ; 33.12 (CH2) ; 
33.70 (CqCH2) ; 33.90 (CqCH2) ; 41.50 (N+CH3) ; 49.04 (CD3OD) ; 57.77 (N+CH2) ; 71.88 (N+CH) ; 
73.33 (N+Cq) ; 114.54 (C≡N). 19F-NMR (CD3OD, 282MHz, 25°C): δ -152.93 (10BF4) ; -152.99 (11BF4). 
IR (ATR, cm-1): 1048 (νBF4), 1034 (νBF4). MS (ESI, pos. mode): 389.3 (100, [C26H49N2]+). MP: 144.0 
°C. Elemental analysis (%):C26H49BF4N2 calc: C, 65.54 ; H, 10.37 ; N, 5.88 ; exp: C, 65.21 ; H, 11.01 
; N, 5.76. Pale yellow crystals. Yield = 71%. Recrystallization from acetone. 
 
1-Cyano-7-isobutyl-7-methyl-7-azoniabicyclo[2.2.1]heptane tetrafluoroborate 144i 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.19 (6H, t, J = 6.3Hz, CH(CH3)2) ; 2.06 - 
2.17 (2H, m, 2x CHCHexoHendo) ; 2.31 - 2.56 (5H, m, 2x CHCHexoHendo, 2x 
CqCHaHb, CH(CH3)2) ; 2.60 - 2.77 (2H, m, 2x CqCHaHb) ; 3.24 - 3.34 (4H, m, 
N+CH3, N+CHxHy) ; 3.44 - 3.53 (1H, m, N+CHxHy) ; 4.53 (1H, t, J = 4.7Hz, 
N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 21.77 (CHCH3) ; 22.67 
(CHCH3) ; 26.44 (CH(CH3)2) ; 27.96 (2x CHCH2) ; 33.30 (CqCH2) ; 33.53 (CqCH2) ; 41.67 (N+CH3) ; 
49.04 (CD3OD) ; 64.32 (N+CH2) ; 72.43 (N+CH) ; 75.05 (N+Cq) ; 114.53 (C≡N). 19F-NMR (CD3OD, 
282MHz, 25°C): δ -152.69 (10BF4) ; -152.74 (11BF4). IR (ATR, cm-1): 1049 (νBF4), 1035 (νBF4). MS (ESI, 
pos. mode): 193.3 (100, [C12H21N2]+). MS (ESI, neg. mode): [86.3 (15) ; 87.3 (50)] ([BF4]-) ; [365.3 (5) 
; 366.3 (65) ; 367.3 (100)] ([C12H21N2(BF4)2]-). MP: 190.0 °C. Elemental analysis (%):C12H21BF4N2 
calc: C, 51.45 ; H, 7.56 ; N, 10.00; exp: C, 51.68 ; H, 7.90; N, 9.96. White needles. Yield = 68%. 
Recrystallization from methanol. 
 
1-Cyano-7-isopentyl-7-methyl-7-azoniabicyclo[2.2.1]heptane tetrafluoroborate 144j 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.02 (6H, d, J = 6.1Hz, CH(CH3)2) ; 1.66 
- 1.97 (3H, m, (CHCH2)i-pen, CH(CH3)2) ; 2.07 - 2.18 (2H, m, 2x CHCHexoHendo) 
; 2.24 - 2.47 (2H, m, 2x CHCHexoHendo) ; 2.51 - 2.87 (4H, m, 2x CqHaHb, 2x 
CqHaHb) ; 3.27 (3H, s, N+CH3) ; 3.33 - 3.42 (1H, m, N+CHxHy) ; 3.58 (1H, ddd, 
J1 = 12.7Hz, J2 = 12.7Hz, J3 = 3.7Hz, N+CHxHy) ; 4.42 (1H, t, J = 4.7Hz, 
N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 22.51 (CHCH3) ; 22.67 
(CHCH3) ; 27.27 (CH(CH3)2) ; 27.38 (CHCH2) ; 27.73 (CHCH2) ; 33.22 ((CHCH2)i-pen) ; 33.57 (CqCH2) ; 
33.91 (CqCH2) ; 41.56 (N+CH3) ; 49.26 (CD3OD) ; 56.75 (N+CH2) ; 71.99 (N+CH) ; 73.23 (N+Cq) ; 
114.79 (C≡N). 19F-NMR (CD3OD, 282MHz, 25°C): δ -151.88 (10BF4) ; -151.93 (11BF4). IR (ATR, cm-1): 
1033 (νBF4). MS (ESI, pos. mode): 207.3 (100, [C13H23N2]+). MS (ESI, neg. mode): [86.3 (10) ; 87.3 
(35)] ([BF4]-) ; [377.5 (5) ; 378.5 (65) ; 379.5 (100)]. MP: 131.0 °C. Elemental analysis 
(%):C13H23BF4N2 calc: C, 53.08 ; H, 7.88 ; N, 9.52 ; exp: C, 52.50; H, 7.44 ; N, 9.20. Grey Powder. 
Yield = 79%. Recrystallization from acetone/ether. 
 
1-Cyano-7-(2-ethylhexyl)-7-methyl-7-azoniabicyclo[2.2.1]heptane tetrafluoroborate 144k 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.92 - 1.00 (6H, m, 2x CH2CH3) ; 1.29 - 1.75 (8H, m, 
CHCH2CH2CH2CH3, CHCH2CH3) ; 2.06 - 2.19 (3H, m, N+CH2CH, 2x CHCHexoHendo) ; 2.30 - 2.79 (6H, 
m, 2x CHCHexoHendo, 2x CqCHaHb , 2x CqCHaHb) ; 3.18 - 3.29 (4H, m, N+CH3, N+CHxHy) ; 3.47 - 3.56 
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(1H, m, N+CHxHy) ; 4.47 (0.35H, t, J = 4.1Hz, N+CH (stereoisomer 2)) ; 4.48 
(0.65H, t, J = 4.1Hz, N+CH (stereoisomer 1)). 13C-NMR (CD3OD, 75.4MHz, 
25°C): δ Stereoisomer 1 (66%): 10.12 (CHCH2CH3) ; 14.34 (CH2CH2CH3) ; 
23.71 (CH2CH2CH3) ; 25.74 (CHCH2CH3) ; 27.80 (CHCH2) ; 27.89 (CHCH2) 
; 29.01 (CHCH2CH2) ; 32.57 (CH2CH2CH2) ; 33.16 (CqCH2) ; 33.38 (CqCH2) ; 
36.12 (N+CH2CH) ; 41.53 (N+CH3) ; 49.04 (CD3OD) ; 61.42 (N+CH2) ; 72.52 (N+CH) ; 74.54 (N+Cq) ; 
114.62 (C≡N). Stereoisomer 2 (34%): 10.38 (CHCH2CH3) ; 14.37 (CH2CH2CH3) ; 23.74 (CH2CH2CH3) 
; 26.05 (CHCH2CH3) ; 27.76 (CHCH2) ; 27.89 (CHCH2) ; 28.78 (CHCH2CH2) ; 32.64 (CH2CH2CH2) ; 
33.16 (CqCH2) ; 33.44 (CqCH2) ; 36.22 (N+CH2CH) ; 41.65 (N+CH3) ; 49.04 (CD3OD) ; 61.50 (N+CH2) ; 
72.52 (N+CH) ; 74.45 (N+Cq) ; 114.62 (C≡N). 19F-NMR (CD3OD, 282MHz, 25°C): δ -155.16 (10BF4) ; -
155.22 (11BF4). IR (ATR, cm-1): 1031 (νBF4), 1047 (νBF4). MS (ESI, pos. mode): 249.3 (100, 
[C16H29N2]+). MS (ESI, neg. mode): [86.3 (15) ; 87.3 (30)] ([BF4]-) ; [421.3 (5) ; 422.3 (40) ; 423.3 
(100)] ([C16H29N2(BF4)2]-). MP: 66.0 °C. Green Powder. Yield = 40%. 
 
1-Cyano-7-(2-methoxyethyl)-7-methyl-7-azoniabicyclo[2.2.1]heptane tetrafluoroborate 144t 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.01 - 2.16 (2H, m, 2x CHCHexoHendo) ; 
2.35 - 2.75 (6H, m, 2x CHCHexoHendo, 2x CqCHaHb, 2x CqCHaHb) ; 3.32 (3H, s, 
N+CH3) ; 3.42 (3H, s, OCH3) ; 3.56 - 3.65 (1H, m, N+CHxHy) ; 3.80 - 4.02 (3H, 
m, N+CHxHy, OCH2) ; 4.56 (1H, t, J = 4.4Hz, N+CH). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ 27.73 (CHCH2) ; 27.80 (CHCH2) ; 33.45 (CqCH2) ; 33.50 
(CqCH2) ; 41.91 (N+CH3) ; 49.07 (CD3OD) ; 57.36 (N+CH2) ; 59.29 (OCH3) ; 67.47 (OCH2) ; 74.05 
(N+Cq) ; 74.10 (N+CH) ; 114.65 (C≡N). 19F-NMR (CD3OD, 282MHz, 25°C): δ -152.76 (10BF4) ; -152.82 
(11BF4). IR (ATR, cm-1): 1049 (νBF4). MS (ESI, pos. mode): 195.3 (100, [C11H19N2O]
+). MS (ESI, neg. 
mode): [86.0 (30) ; 87.0 (100)] ([BF4]-) ; [367.3 (5) ; 368.3 (40) ; 369.3 (100)] ([C11H19N2O(BF4)2]-). MP: 
119.0 °C. White powder. Yield = 78%. 
 
1-Cyano-7-methyl-7-((tetrahydrofuran-2-yl)methyl)-7-azoniabicyclo[2.2.1]heptane 
tetrafluoroborate 144u 
Stereoisomer 1: 60%, stereoisomer 2: 40%. 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.60 - 1.76 (1H, m, OCH2CHxHy) ; 1.85 - 
2.79 (11H, m, OCH2CHxHy, OCHCH2, 2x CHCHexoHendo, 2x CHCHexoHendo, 2x 
CqCHaHb ,2x CqCHaHb) ; 3.33 (1.2H, m, N+CH3 (stereoisomer 2)) ; 3.42 - 3.79 
(3.8H, m, N+CH3 (stereoisomer 1), N+CH2) ; 3.82 - 4.02 (2H, m, OCH2) ; 4.35 
- 4.44 (0.6H, m, OCH (stereoisomer 1)) ; 4.47 - 4.55 (1H, m, OCH (stereoisomer 2), N+CH 
(stereoisomer 1)) ; 4.70 (0.4H, t, J = 4.7Hz, N+CH (stereoisomer 2)). 13C-NMR (CD3OD, 75.4MHz, 
25°C): δ Stereoisomer 1: 25.80 (OCH2CH2) ; 27.44 (CHCH2) ; 28.08 (CHCH2) ; 31.50 (OCHCH2) ; 
33.44 (CqCH2) ; 33.79 (CqCH2) ; 43.65 (N+CH3) ; 49.09 (CD3OD) ; 61.23 (N+CH2) ; 69.96 (OCH2) ; 
72.46 (N+CH) ; 74.10 (N+Cq) ; 75.20 (N+CH2CHO) ; 114.54 (C≡N). Stereoisomer 2: 26.14 (OCH2CH2) 
; 27.74 (CHCH2) ; 27.80 (CHCH2) ; 30.99 (OCHCH2) ; 33.21 (CqCH2) ; 33.59 (CqCH2) ; 41.27 (N+CH3) ; 
49.09 (CD3OD) ; 60.94 (N+CH2) ; 70.19 (OCH2) ; 74.28 (N+Cq) ; 74.52 (N+CH) ; 74.33 (N+CH2CHO) ; 
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114.60 (C≡N). 19F-NMR (CD3OD, 282MHz, 25°C): δ -152.08 (11BF4) ; -152.13 (10BF4). IR (ATR, cm-1): 
1030 (νBF4). MS (ESI, pos. mode): 221.3 (100, [C13H21N2O]
+). MS (ESI, neg. mode): [86.3 (15) ; 87.3 
(30)] ([BF4]-) ; [393.3 (5) ; 394.3 (50) ; 395.3 (100)] ([C13H21N2O(BF4)2]-). MP: 122.0 °C. Elemental 
analysis (%):C13H21BF4N2O calc: C, 50.67 ; H, 6.87 ; N, 9.09 ; exp: C, 50.01 ; H, 6.55 ; N, 8.97. Grey 
powder. Yield = 87%. Recrystallization from acetone/ether. 
 
7-Allyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane tetrafluoroborate 144p 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.05 - 2.15 (2H, m, 2x CHCHexoHendo) ; 
2.32 - 2.48 (2H, m, 2x CHCHexoHendo) ; 2.52 - 2.80 (4H, m, 2x CqCHaHb, 2x 
CqCHaHb) ; 3.26 (3H, s, N+CH3) ; 4,07 (1H, dd, J1 = 13.5Hz, J2 = 7.4Hz, 
N+CHxHy) ; 4.28 (1H, dd, J1 = 13.8Hz, J2 = 7.2 Hz, N+CHxHy) ; 4.34 (1H, t, J = 
4.7Hz, N+CH) ; 5.73 - 5.85 (2H, m, CH=CH2) ; 6.10 - 6.24 (1H, m, CH=CH2). 
13C-NMR (CD3OD, 75.4MHz, 25°C): δ 27.27 (CHCH2) ; 27.61 (CHCH2) ; 33.55 (CqCH2) ; 33.96 
(CqCH2) ; 41.29 (N+CH3) ; 49.00 (CD3OD) ; 59.90 (N+CH2) ; 72.39 (N+CH) ; 72.57 (N+Cq) ; 114.39 
(C≡N) ; 126.42 (CH=CH2) ; 129.07 (CH=CH2). 19F-NMR (CD3OD, 282MHz, 25°C): δ -152.56 (10BF4) ; -
152.61 (11BF4). IR (ATR, cm-1): 1032 (νBF4). MS (ESI, pos. mode): 177.3 (100, [C11H17N2]
+). MS (ESI, 
neg. mode): [86.3 (20) ; 87.3 (90)] ([BF4]-)  ; 295,3 (35) ; [349.3 (5) ; 350.3 (40) ; 351.3 (100)] 
([C11H17N2(BF4)2]-). MP: 248 °C. White powder. Yield = 74%. 
 
7-Benzyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane tetrafluoroborate 144q 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.03 - 2.16 (1H, m, CHCHexoHendo) ; 2.19 
- 2.36 (2H, m, CHCHexoHendo, CHCHexoHendo) ; 2.54 - 2.96 (5H, m, 
CHCHexoHendo, 2x CqHaHb, 2x CqHaHb) ; 3.13 (3H, s, N+CH3) ; 4.27 (1H, t, J = 
4.4Hz, N+CH) ; 4.49 (1H, d, J = 13.2Hz, N+CHxHy) ; 4.93 (1H, d, J = 13.2Hz, 
N+CHxHy) ; 7.51 - 7.60 (3H, m, C3HAr, C4HAr, C5HAr) ; 7.62 - 7.69 (2H, m, 
C2HAr, C6HAr). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 27.57 (CHCH2) ; 28.11 (CHCH2) ; 33.57 (CqCH2) ; 
34.25 (CqCH2) ; 40.99 (N+CH3) ; 49.04 (CD3OD) ; 60.48 (N+CH2) ; 72.07 (N+CH) ; 73.45 (N+Cq) ; 
114.39 (C≡N) ; 129.29 (C1) ; 130.66 (C5HAr, C3HAr) ; 132.13 (C4HAr) ; 133.70 (C2HAr, C6HAr). 19F-NMR 
(CD3OD, 282MHz, 25°C): δ -152.86 (10BF4) ; -152.92 (11BF4). IR (ATR, cm-1): 1260, 1242, 1224, 1151, 
1030. MS (ESI, pos. mode): 227.3 (100, [C15H19N2]+). MS (ESI, neg. mode): [86.3 (15) ; 87.3 (60)] 
([BF4]-) ; [397.5 (10) ; 398.5 (45) ; 399.5 (100)]. MP: 171.0 °C. Yellow powder. Yield = 55%. 
Recrystallization from acetone. 
 
1-Cyano-7-(2-(1-cyano-7-azabicyclo[2.2.1]heptan-7-yl)ethyl)-7-methyl-7-
azoniabicyclo[2.2.1]heptane tetrafluoroborate 153a 
1H-NMR ((CD3)2SO, 300MHz, 25°C): δ 1.39 - 1.50 (2H, m, 2x NCHCHexoHendo) ; 1.70 - 2.08 (8H, m, 2x 
NCHCHexoHendo, 2x NCqCHaHb, 2x NCqCHaHb, 2x N+CHCHexoHendo) ; 2.18 - 2.32 (2H, m, 2x 
N+CHCHexoHendo) ; 2.57 - 2.76 (4H, m, 2x N+CqCHaHb, 2x N+CqCHaHb) ; 2.86 - 3.05 (2H, m, 
N+CH2CH2N) ; 3.29 (3H, s, N+CH3) ; 3.44 - 3.53 (1H, m, N+CHxHyCH2N) ; 3.65 - 3.75 (2H, m, 
N+CHxHyCH2N, NCH) ; 4.57 (1H, t, J = 4.1Hz, N+CH). 13C-NMR ((CD3)2SO, 75.4MHz, 25°C): δ 26.14 
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(N+CHCH2) ; 26.20 (N+CHCH2) ; 26.96 (NCHCH2) ; 27.64 
(NCHCH2) ; 31.45 (N+CqCH2) ; 31.86 (N+CqCH2) ; 32.83 (NCqCH2) ; 
33.39 (NCqCH2) ; 39.41 ((CD3)2SO) ; 40.58 (N+CH2CH2N) ; 40.64 
(N+CH3) ; 54.14 (N+CH2CH2N)  ; 59.51 (NCq,  NCH) ; 71.49 (N+Cq) ; 
72.17 (N+CH) ; 113.95 (N+CqC≡N) ; 120.34 (NCqC≡N). 19F-NMR 
(CD3OD, 282MHz, 25°C): δ -153.07 (10BF4) ; -153.12 (11BF4). IR 
(ATR, cm-1): 1067 (νBF4), 1045 (νBF4), 1030 (νBF4). MS (ESI, pos. mode): 285.3 (100, [C17H25N4]+). MP: 
216.0 °C. Elemental analysis (%): C17H25BF4N4 calc: C, 54.86 ; H, 6.77 ; N, 15.05 ; exp: C, 53.94 ; H, 
6.95 ; N, 14.74. White powder. Yield = 86%. Recrystallization from acetone. 
 
4.2.2.4. Synthesis of 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane dicyanamides 
In a flask of 25 ml, a 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane iodide 142 (1 equiv., 3.5 
mmol) was dissolved in 15 ml of acetonitrile and AgN(CN)2 (1.2 equiv., 730.4 mg, 4.2 mmol), freshly 
prepared by mixing equimolar amounts of NaN(CN)2 and AgNO3 in H2O followed by filtration and 
drying of the collected precipitate, was added. After 1 hour, the suspension was filtered and the filtrate 
evaporated. The resulting crude was dissolved in MeOH and cooled to 0 °C. The resulting white 
precipitate was filtered off and this was repeated three times. After evaporation of the volatiles, 7-alkyl-
1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane dicyanamides 145 were obtained. 
 
1-Cyano-7-methyl-7-octyl-7-azoniabicyclo[2.2.1]heptane dicyanamide 145g 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.89 - 0.93 (3H, m, CH2CH3) ; 1.27 
- 1.49 (10H, m, 5x (CH2)oct) ; 1.73 - 1.87 (1H, m, N+CH2CHxHy) ; 1.92 - 
2.14 (3H, m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.26 - 2.45 (2H, m, 2x 
CHCHexoHendo) ; 2.48 - 2.59 (2H, m, 2x CqCHaHb) ; 2.62 - 2.80 (2H, m, 
2x CqCHaHb) ; 3.28 (3H, s, N+CH3) ; 3.33 - 3.43 (1H, m, N+CHxHy) ; 3.54 
(1H, ddd, J1 = 12.7Hz, J2 = 12.7Hz , J3 = 4.5Hz, N+CHxHy) ; 4.40 (1H, t, 
J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 14.43 (CH3) ; 23.64 ((CH2)oct) ; 25.13 
(N+CH2CH2) ; 27.35 ((CH2)oct) ; 27.45 (CHCH2) ; 27.73 (CHCH2) ; 30.17 ((CH2)oct) ; 30.23 ((CH2)oct) ; 
32.83 ((CH2)oct) ; 33.65 (CqCH2) ; 33.85 (CqCH2) ; 41.47 (N+CH3) ; 48.98 (CD3OD) ; 57.73 (N+CH2) ; 
71.84 (N+CH) ; 73.23 (N+Cq) ; 114.43 (C≡N) ; 120.48 (2x N-C≡N). IR (ATR, cm-1): 2232 (νC≡N), 2128 
(νC≡N). MS (ESI, pos. mode): 249.3 (100, [C16H29N2]+). Elemental Analysis (%): C18H29N5 calc: C, 
68.53 ; H, 9.27 ; N, 22.20; exp: C, 68.28 ; H, 9.19 ; N, 22.13. Pale yellow oil. Yield = 94%. 
 
1-Cyano-7-heptyl-7-methyl-7-azoniabicyclo[2.2.1]heptane dicyanamide 145f 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.92 (3H, t, J = 6.6Hz, CH2CH3) ; 
1.29 - 1.51 (8H, m, 4x (CH2)hept) ; 1.71 - 1.86 (1H, m, N+CH2CHxHy) ; 1.91 
- 2.16 (3H, m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.26 - 2.44 (2H, m, 2x 
CHCHexoHendo) ; 2.49 - 2.79 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 3.25 (3H, 
s, N+CH3) ; 3.35 (1H, ddd, J1 = 12.7Hz, J2 = 12.7Hz, J3 = 4.6Hz, 
N+CHxHy) ; 3.53 (1H, ddd, J1 = 12.5Hz, J2 = 12.5Hz, J3 = 4.4Hz, 
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N+CHxHy) ; 4.40 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 14.29 (CH3) ; 23.07 
((CH2)hept) ; 24.60 (N+CH2CH2) ; 26.84 (CHCH2) ; 26.98 ((CH2)hept) ; 27.36 (CHCH2) ; 29.35 ((CH2)hept) ; 
32.12 ((CH2)hept) ; 33.22 (CqCH2) ; 33.42 (CqCH2) ; 41.22 (N+CH3) ; 48.72 (CD3OD) ; 57.26 (N+CH2) ; 
71.36 (N+CH) ; 72.65 (N+Cq) ; 114.11 (C≡N) ; 120.05 (2x N-C≡N). IR (ATR, cm-1): 2229 (νC≡N), 2193 
(νC≡N), 2127 (νC≡N). MS (ESI, pos. mode): 235.3 (100, [C15H27N2]+). Yellow oil. Yield = 86%.  
 
1-Cyano-7-hexyl-7-methyl-7-azoniabicyclo[2.2.1]heptane dicyanamide 145e 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.95 (3H, t, J = 6.9Hz, CH2CH3) ; 
1.38 - 1.47 (6H, m, 3x (CH2)hex) ; 1.72 - 1.86 (1H, m, N+CH2CHxHy) ; 1.92 - 
2.15 (3H, m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.26 - 2.44 (2H, m, 2x 
CHCHexoHendo) ; 2.48 - 2.58 (2H, m, 2x CqCHaHb) ; 2.62 - 2.80 (2H, m, 2x 
CqCHaHb) ; 3.28 (3H, s, N+CH3) ; 3.38 (1H, ddd, J1 = 12.9Hz, J2 = 12.9Hz , 
J3 = 4.7Hz, N+CHxHy) ; 3.55 (1H, ddd, J1 = 12.7Hz, J2 = 12.7Hz , J3 = 4.8Hz, N+CHxHy) ; 4.40 (1H, t, J 
= 5.0Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 14.31 (CH3) ; 23.54 ((CH2)hex) ; 25.17 
(N+CH2CH2) ; 27.19 ((CH2)hex) ; 27.39 (CHCH2) ; 27.77 (CHCH2) ; 32.51 ((CH2)hex) ; 33.71 (CqCH2) ; 
33.90 (CqCH2) ; 41.50 (N+CH3) ; 49.03 (CD3OD) ; 57.77 (N+CH2) ; 71.88 (N+CH) ; 73.32 (N+Cq) ; 
114.50 (C≡N) ; 120.50 (2x N-C≡N). IR (ATR, cm-1): 2229 (νC≡N), 2192 (νC≡N), 2128 (νC≡N). MS (ESI, 
pos. mode): 221.0 (100, [C14H25N2]+). Elemental Analysis (%): C16H25N5 calc: C, 66.86 ; H, 8.77 ; N, 
24.37 ; exp: C, 66.64 ; H, 8.59 ; N, 24.15. Pale yellow oil. Yield = 90%. 
 
7-Butyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane dicyanamide 145d 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.05 (3H, t, J = 7.4Hz, CH2CH3) ; 1.42 
- 1.55 (2H, m, CH2CH2CH3) ; 1.72 - 1.86 (1H, m, N+CH2CHxHy) ; 1.91 - 2.14 
(3H, m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.28 - 2.46 (2H, m, 2x 
CHCHexoHendo) ; 2.49 - 2.81 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 3.28 (3H, s, 
N+CH3) ; 3.39 (1H, ddd, J1 = 12.7Hz, J2 = 12.7Hz , J3 = 4.8Hz, N+CHxHy) ; 
3.56 (1H, ddd, J1 = 12.5Hz, J2 = 12.5Hz , J3 = 4.8Hz, N+CHxHy) ; 4.41 (1H, t, J = 4.7Hz, N+CH). 13C-
NMR (CD3OD, 75.4MHz, 25°C): δ 13.99 (CH3) ; 20.80 (CH2CH3) ; 27.01 (N+CH2CH2) ; 27.36 (CHCH2) 
; 27.73 (CHCH2) ; 33.67 (CqCH2) ; 33.86 (CqCH2) ; 41.53 (N+CH3) ; 49.01 (CD3OD) ; 57.55 (N+CH2) ; 
71.87 (N+CH) ; 73.24 (N+Cq) ; 114.47 (C≡N) ; 120.50 (2x N-C≡N). IR (ATR, cm-1): 2232 (νC≡N), 2128 
(νC≡N). MS (ESI, pos. mode): 193.0 (100, [C12H21N2]+). MP: 104.1 – 104.7 °C. Elemental Analysis 
(%): C14H21N5 calc: C, 64.83 ; H, 8.16 ; N, 27.00; exp: C, 64.53 ; H, 7.85 ; N, 27.36. White powder. 
Yield = 84%. Recrystallization from acetone/ether. 
 
1-Cyano-7,7-dimethyl-7-azoniabicyclo[2.2.1]heptane dicyanamide 145b 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.05 - 2.18 (2H, m, 2x CHCHexoHendo) 
; 2.38 - 2.73 (6H, m, 2x CHCHexoHendo, 2x CqCHaHb, 2x CqCHaHb) ; 3.31 
(6H, s, 2x N+CH3) ; 4.35 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ 27.79 (2x CHCH2) ; 33.51 (2x CqCH2); 44.89 (2x 
N+CH3) ; 49.01 (CD3OD) ; 72.78 (N+Cq) ; 75.18 (N+CH) ; 114.27 (C≡N) ; 
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120.53 (2x N-C≡N). IR (ATR, cm-1): 2237 (νC≡N), 2196 (νC≡N), 2130 (νC≡N). MS (ESI, pos. mode): 
151.3 (100, [C9H15N2]+). MP: 112.0 °C (degradation). Elemental analysis (%):C11H15N5 calc: C, 60.81 
; H, 6.96 ; N, 32.23 ; exp: C, 60.06 ; H, 7.04 ; N, 32.24. White powder. Yield = 65%. Recrystallization 
from acetone/ether. 
 
1-Cyano-7-cyclohexyl-7-methyl-7-azoniabicyclo[2.2.1]heptane dicyanamide 145n 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.26 (1H, tdt, J1 = 12.9Hz, J2 = 
13.0Hz, J3 = 3.7Hz, Hcy) ; 1.48 - 1.64  (2H, m) ; 1.68 - 1.84  (3H, m) ; 1.89 
- 2.12  (5H, m) ; 2.33 - 2.86 (7H, m) ; 3.17 (3H, s, N+CH3) ; 3.85 (1H, tt, J1 
= 11.6Hz, J2 = 3.3Hz, N+CHCy) ; 4.52 (1H, t, J = 4.7Hz, N+CH). 13C-NMR 
(CD3OD, 75.4MHz, 25°C): δ 25.57 (CH2) ; 26.01 (CH2) ; 26.33 (CH2) ; 
27.05 (CH2) ; 27.61 (CH2) ; 28.48 (CH2) ; 28.99 (CH2) ; 32.99 (CH2) ; 
35.67 (CH2) ; 36.25 (N+CH3) ; 48.97 (CD3OD) ; 68.96 (N+CHCy) ; 70.93 (N+Cq) ; 73.45 (N+CH) ; 115.98 
(C≡N) ; 120.44 (2x N-C≡N). IR (ATR, cm-1): 2229 (νC≡N), 2192 (νC≡N), 2127 (νC≡N). MS (ESI, pos. 
mode): 219.0 (100, [C14H23N2]+). Elemental Analysis (%): C16H23N5 calc: C, 67.34 ; H, 8.12 ; N, 24.54 
; exp: C, 67.21 ; H, 8.01 ; N, 24.26. Yellow oil. Yield = 91%. 
 
1-Cyano-7-methyl-7-octadecyl-7-azoniabicyclo[2.2.1]heptane dicyanamide 145h 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.90 (3H, t, J = 6.6Hz, CH2CH3) ; 
1.28 (26H, br s, 13x (CH2)octadec) ; 1.43 (4H, br s, 2x (CH2)octadec) ; 1.72 - 
1.86 (1H, m, N+CH2CHxHy) ; 1.92 - 2.15 (3H, m, 2x CHCHexoHendo, 
N+CH2CHxHy) ; 2.25 - 2.44 (2H, m, 2x CHCHexoHendo) ; 2.47 - 2.59 (2H, 
m, 2x CqCHaHb) ; 2.62 - 2.80 (2H, m, 2x CqCHaHb) ; 3.27 (3H, s, N+CH3) ; 
3.38 (1H, ddd, J1 = 12.7Hz, J2 = 12.7Hz , J3 = 4.6Hz, N+CHxHy) ; 3.55 (1H, ddd, J1 = 12.4Hz, J2 = 
12.4Hz , J3 = 4.4Hz, N+CHxHy) ; 4.39 (1H, t, J = 4.4Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 
14.49 (CH3) ; 23.77 (CH2) ; 25.21 (CH2) ; 27.39 (CH2) ; 27.54 (CH2) ; 27.77 (CH2) ; 30.38 (CH2) ; 30.52 
(CH2) ; 30.60 (CH2) ; 30.69 (CH2) ; 30.83 (8x CH2) ; 33.12 (CH2) ; 33.70 (CqCH2) ; 33.90 (CqCH2) ; 
41.48 (N+CH3) ; 49.04 (CD3OD) ; 57.78 (N+CH2) ; 71.87 (N+CH) ; 73.33 (N+Cq) ; 114.50 (C≡N) ; 120.56 
(2x N-C≡N). IR (ATR, cm-1): 2916, 2850, 2228 (νC≡N), 2191 (νC≡N), 2129 (νC≡N). MS (ESI, pos. mode): 
389.5 (100, [C26H49N2]+). MP: 70.0 °C. Elemental analysis (%):C28H49N5 calc: C, 73.79 ; H, 10.84 ; N, 
15.37 ; exp: C, 73.50; H, 11.05 ; N, 15.67. White flakes. Yield = 84%. Recrystallization from acetone. 
 
1-Cyano-7-isobutyl-7-methyl-7-azoniabicyclo[2.2.1]heptane dicyanamide 145i 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.18 (3H, d, J = 6.6Hz, CHCH3) ; 
1.20 (3H, d, J = 6.6Hz, CHCH3) ; 2.05 - 2.18 (2H, m, 2x CHCHexoHendo) ; 
2.32 - 2.57 (5H, m, 2x CHCHexoHendo, 2x CqCHaHb, CH(CH3)2) ; 2.60 - 2.77 
(2H, m, 2x CqCHaHb) ; 3.25 - 3.32 (4H, m, N+CH3, N+CHxHy) ; 3.43 - 3.52 
(1H, m, N+CHxHy) ; 4.53 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ 21.57 (CHCH3) ; 22.49 (CHCH3) ; 26.06 (CH(CH3)2) ; 27.67 (2x CHCH2) ; 32.93 
(CqCH2) ; 33.16 (CqCH2) ; 41.44 (N+CH3) ; 48.83 (CD3OD) ; 63.85 (N+CH2) ; 72.02 (N+CH) ; 74.58 
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(N+Cq) ; 114.19 (C≡N) ; 120.25 (2x N-C≡N). IR (ATR, cm-1): 2237 (νC≡N), 2205 (νC≡N), 2133 (νC≡N). MS 
(ESI, pos. mode): 193.3 (100, [C12H21N2]+) ; 225.3 (75). Pale yellow oil. Yield = 83%. 
 
1-Cyano-7-isopentyl-7-methyl-7-azoniabicyclo[2.2.1]heptane dicyanamide 145j 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.03 (6H, d, J = 6.1Hz, CH(CH3)2) ; 
1.64 - 1.97 (3H, m, (CHCH2)i-pen, CH(CH3)2) ; 2.06 - 2.17 (2H, m, 2x 
CHCHexoHendo) ; 2.24 - 2.45 (2H, m, 2x CHCHexoHendo) ; 2.49 - 2.84 (4H, m, 
2x CqHaHb, 2x CqHaHb) ; 3.27 (3H, s, N+CH3) ; 3.38 (1H, ddd, J1 = 12.2Hz, 
J2 = 12.2Hz, J3 = 5.0Hz, N+CHxHy) ; 3.54 (1H, ddd, J1 = 12.8Hz, J2 = 
12.8Hz, J3 = 4.0Hz, N+CHxHy) ; 4.41 (1H, t, J = 4.7Hz, N+CH). 13C-NMR 
(CD3OD, 75.4MHz, 25°C): δ 22.46 (CHCH3) ; 22.63 (CHCH3) ; 27.15 (CH(CH3)2) ; 27.27 (CHCH2) ; 
27.60 (CHCH2) ; 33.12 ((CHCH2)i-pen) ; 33.44 (CqCH2) ; 33.76 (CqCH2) ; 41.38 (N+CH3) ; 48.90 
(CD3OD) ; 56.54 (N+CH2) ; 71.62 (N+CH) ; 73.07 (N+Cq) ; 114.30 (C≡N) ; 120.34 (2x N-C≡N). IR (ATR, 
cm-1): 2230 (νC≡N), 2193 (νC≡N), 2128 (νC≡N). MS (ESI, pos. mode): 207.3 (100, [C13H23N2]+). Yellow 
oil. Yield = 81%. 
 
1-Cyano-7-(2-ethylhexyl)-7-methyl-7-azoniabicyclo[2.2.1]heptane dicyanamide 145k 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.90 - 1.05 (6H, m, 2x CH2CH3) ; 
1.25 - 1.75 (8H, m, CHCH2CH2CH2CH3, CHCH2CH3) ; 2.07 - 2.19 (3H, m, 
N+CH2CH, 2x CHCHexoHendo) ; 2.31 - 2.86 (4H, m, 2x CHCHexoHendo, 2x 
CqCHaHb) ; 2.63 - 2.81 (2H, m, 2x CqCHaHb) ; 3.22 - 3.34 (4H, m,  N+CH3, 
N+CHxHy) ; 3.49 - 3.57 (1H, m, N+CHxHy) ; 4.48 (0.35H, t, J = 3.9Hz, 
N+CH (stereoisomer 2)) ; 4.50 (0.65H, t, J = 4.1Hz, N+CH (stereoisomer 1)). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ Stereoisomer 1 (66%): 10.09 (CHCH2CH3) ; 14.29 (CH2CH2CH3) ; 23.68 
(CH2CH2CH3) ; 25.70 (CHCH2CH3) ; 27.85 (CHCH2) ; 27.97 (CHCH2) ; 28.96 (CHCH2CH2) ; 32.60 
(CH2CH2CH2) ; 33.25 (CqCH2) ; 33.42 (CqCH2) ; 36.19 (N+CH2CH) ; 41.54 (N+CH3) ; 48.90 (CD3OD) ; 
61.42 (N+CH2) ; 72.40 (N+CH) ; 74.59 (N+Cq) ; 114.33 (C≡N) ; 120.33 (2x N-C≡N). Stereoisomer 2 
(34%): 10.32 (CHCH2CH3) ; 14.32 (CH2CH2CH3) ; 23.73  (CH2CH2CH3) ; 26.02  (CHCH2CH3) ; 27.80 
(CHCH2) ; 27.97 (CHCH2) ; 28.77 (CHCH2CH2) ; 32.54 (CH2CH2CH2) ; 33.25 (CqCH2) ; 33.48 (CqCH2) 
; 36.29 (N+CH2CH) ; 41.67 (N+CH3) ; 48.90 (CD3OD) ; 61.50 (N+CH2) ; 72.40 (N+CH) ; 74.49 (N+Cq) ; 
114.33 (C≡N) ; 120.33 (2x N-C≡N). IR (ATR, cm-1): 2229 (νC≡N), 2193 (νC≡N), 2128 (νC≡N). MS (ESI, 
pos. mode): 249.3 (100, [C16H29N2]+). Brown oil. Yield = 45%. 
 
1-Cyano-7-(2-methoxyethyl)-7-methyl-7-azoniabicyclo[2.2.1]heptane dicyanamide 145t 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.03 - 2.16 (2H, m, 2x CHCHexoHendo) 
; 2.36 - 2.75 (6H, m, 2x CHCHexoHendo, 2x CqCHaHb, 2x CqCHaHb) ; 3.33 
(3H, s, N+CH3) ; 3.44 (3H, s, OCH3) ; 3.60 - 3.66 (1H, m, N+CHxHy) ; 3.80 - 
4.04 (3H, m, N+CHxHy, OCH2) ; 4.57 (1H, t, J = 4.7Hz, N+CH). 13C-NMR 
(CD3OD, 75.4MHz, 25°C): δ 27.71 (CHCH2) ; 27.77 (CHCH2) ; 33.38 
(CqCH2) ; 33.50 (CqCH2) ; 41.73 (N+CH3) ; 48.95 (CD3OD) ; 57.24 (N+CH2) ; 59.27 (OCH3) 67.39 
Experimental part 
 125 
(OCH2) ; 74,02 (N+CH, N+Cq) ; 114.34 (C≡N) ; 120,47 (2x N--C≡N). IR (ATR, cm-1): 2129 (νC≡N). MS 
(ESI, pos. mode): 195.3 (100, [C11H19N2O]+). Colourless oil. Yield = 74%. 
 
1-Cyano-7-methyl-7-((tetrahydrofuran-2-yl)methyl)-7-azoniabicyclo[2.2.1]heptane dicyanamide 
145u 
Stereoisomer 1: 60%, stereoisomer 2: 40%. 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.60 - 1.76 (1H, m, OCH2CHxHy) ; 
1.86 - 2.78 (11H, m, OCH2CHxHy, OCHCH2, 2x CHCHexoHendo, 2x 
CHCHexoHendo, 2x CqCHaHb ,2x CqCHaHb) ; 3.32 (1.2H, m, N+CH3 
(stereoisomer 2)) ; 3.39 - 3.76 (3.8H, m, N+CH3 (stereoisomer 1), N+CH2) 
; 3.83 - 4.02 (2H, m, OCH2) ; 4.36 - 4.54 (1.6H, m, OCH, N+CH (stereoisomer 1)) ; 4.71 (0.4H, t, J = 
4.4Hz, N+CH (stereoisomer 2)). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ Stereoisomer 1: 25.48 
(OCH2CH2) ; 27.13 (CHCH2) ; 27.77 (CHCH2) ; 31.16 (OCHCH2) ; 33.10 (CqCH2) ; 33.38 (CqCH2) ; 
43.42 (N+CH3) ; 48.77 (CD3OD) ; 60.74 (N+CH2) ; 69.64 (OCH2) ; 71.91 (N+CH) ; 73.59 (N+Cq) ; 74.71 
(N+CH2CHO) ; 114.11 (C≡N) ; 120.13 (2x N-C≡N). Stereoisomer 2: 25.82 (OCH2CH2) ; 27.47 (2x 
CHCH2) ; 30.69 (OCHCH2) ; 32.80 (CqCH2) ; 33.25 (CqCH2) ; 40.96 (N+CH3) ; 48.77 (CD3OD) ; 60.46 
(N+CH2) ; 69.88 (OCH2) ; 73.76 (N+Cq) ; 73.82 (N+CH2CHO) ; 74.02 (N+CH) ; 114.21 (C≡N) ; 120.13 
(2x N-C≡N). IR (ATR, cm-1): 2232 (νC≡N), 2194 (νC≡N), 2128 (νC≡N). MS (ESI, pos. mode): 221.3 (100, 
[C13H21N2O]+). Colourless oil. Yield = 92%. 
 
7-Allyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane dicyanamide 145p 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.07 - 2.17 (2H, m, 2x CHCHexoHendo) 
; 2.33 - 2.50 (2H, m, 2x CHCHexoHendo) ; 2.53 - 2.81 (4H, m, 2x CqCHaHb, 
2x CqCHaHb) ; 3.26 (3H, s, N+CH3) ; 4.07 (1H, dd, J1 = 13.8Hz, J2 =7.7 Hz, 
N+CHxHy) ; 4.28 (1H, dd, J1 = 13.5Hz, J2 = 6.9Hz, N+CHxHy) ; 4.35 (1H, t, J 
= 4.7Hz, N+CH) ; 5.75 - 5.87 (2H, m, CH=CH2) ; 6.09 - 6.24 (1H, m, 
CH=CH2). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 27.15 (CHCH2) ; 27.47 (CHCH2) ; 33.38 (CqCH2) ; 
33.80 (CqCH2) ; 41.15 (N+CH3) ; 48.84 (CD3OD) ; 59.70 (N+CH2) ; 72.16 (N+CH) ; 72.32 (N+Cq) ; 
114.08 (C≡N) ; 120.33 (2x N-C≡N) ; 126.08 (CH=CH2) ; 129.02 (CH=CH2). IR (ATR, cm-1): 2127 
(νC≡N). MS (ESI, pos. mode): 177.3 (100, [C11H17N2]+). Colourless oil. Yield = 85%. 
 
7-Benzyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane dicyanamide 145q 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.07 - 2.36 (3H, m, 2x CHCHexoHendo, 
CHCHexoHendo) ; 2.56 - 2.96 (5H, m, CHCHexoHendo, 2x CqHaHb, 2x CqHaHb) 
; 3.14 (3H, s, N+CH3) ; 4.29 (1H, t, J = 4.1Hz, N+CH) ; 4.50 (1H, d, J = 
12.7Hz, N+CHxHy) ; 4.94 (1H, d, J = 12.7Hz, N+CHxHy) ; 7.51 - 7.61 (3H, 
m, C3HAr, C4HAr, C5HAr) ; 7.63 - 7.69 (2H, m, C2HAr, C6HAr). 13C-NMR 
(CD3OD, 75.4MHz, 25°C): δ 27.59 (CHCH2) ; 28.12 (CHCH2) ; 33.57 (CqCH2) ; 34.23 (CqCH2) ; 41.00 
(N+CH3) ; 49.03 (CD3OD) ; 60.43 (N+CH2) ; 71.93 (N+CH) ; 73.46 (N+Cq) ; 114.31 (C≡N) ; 120.53 (2x N-
C≡N) ; 129.17 (C1) ; 130.68 (C5HAr, C3HAr) ; 132.15 (C4HAr) ; 133.61 (C2HAr, C6HAr). IR (ATR, cm-1): 
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2233 (νC≡N), 2195 (νC≡N), 2129 (νC≡N). MS (ESI, pos. mode): 227.3 (100, [C15H19N2]+). Yellow oil. Yield 
= 82%. 
 
1-Cyano-7-(2-(1-cyano-7-azabicyclo[2.2.1]heptan-7-yl)ethyl)-7-methyl-7-
azoniabicyclo[2.2.1]heptane dicyanamide 154a 
1H-NMR ((CD3)2SO, 300MHz, 25°C): δ 1.38 - 1.51 (2H, m, 2x 
NCHCHexoHendo) ; 1.70 - 2.09 (8H, m, 2x NCHCHexoHendo, 2x 
NCqCHaHb, 2x NCqCHaHb, 2x N+CHCHexoHendo) ; 2.15 - 2.32 (2H, m, 
2x N+CHCHexoHendo) ; 2.56 - 2.76 (4H, m, 2x N+CqCHaHb, 2x 
N+CqCHaHb) ; 2.85 - 3.06 (2H, m, N+CH2CH2N) ; 3.29 (3H, s, N+CH3) 
; 3.43 - 3.54 (1H, m, N+CHxHyCH2N) ; 3.64 - 3.76 (2H, m, 
N+CHxHyCH2N, NCH) ; 4.57 (1H, t, J = 4.1Hz, N+CH). 13C-NMR ((CD3)2SO, 75.4MHz, 25°C): δ 26.15 
(N+CHCH2) ; 26.20 (N+CHCH2) ; 26.96 (NCHCH2) ; 27.65 (NCHCH2) ; 31.45 (N+CqCH2) ; 31.88 
(N+CqCH2) ; 32.86 (NCqCH2) ; 33.39 (NCqCH2) ; 39.39 ((CD3)2SO) ; 40.57 (N+CH2CH2N) ; 40.66 
(N+CH3) ; 54.13 (N+CH2CH2N)  ; 59.50 (NCq, NCH) ; 71.50 (N+Cq) ; 72.17 (N+CH) ; 113.93 (N+CqC≡N) ; 
118.97 (2x N-C≡N) ; 120.34 (NCqC≡N). IR (ATR, cm-1): 2218 (νC≡N), 2188 (νC≡N), 2125 (νC≡N). MS (ESI, 
pos. mode): 285.3 (100, [C17H25N4]+). MP: 134.0 °C. Elemental analysis (%): C19H25N5 calc: C, 64.93 
; H, 7.17 ; N, 27.90; exp: C, 64.07 ; H, 7.00; N, 27.55. Grey chunks. Yield = 65%. Recrystallization 
from acetone. 
 
4.2.2.5 Synthesis of 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane 
bis(trifluoromethylsulfonyl)imides 
 
Method A (for water-soluble iodide salts): In a flask of 10 ml, a 7-alkyl-1-cyano-7-methyl-7-
azoniabicyclo[2.2.1]heptane iodide 142 (1 equiv., 5 mmol) was dissolved in 15 - 30 ml distilled H2O 
and LiNTf2 (1.05 equiv., 1.51 g, 5.25 mmol) was added. The reaction mixture was stirred for 24 hours 
at 80 °C. After cooling, the reaction mixture was extracted with CH2Cl2 (3x 25 ml) and the organic 
phase washed with distilled H2O (3x 20 ml). After drying over MgSO4 and filtration, the volatiles were 
evaporated and 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane 
bis(trifluoromethylsulfonyl)imides 146 were obtained.  
 
Method B (for water-insoluble iodide salts): In a flask of 50 ml, a 7-alkyl-1-cyano-7-methyl-7-
azoniabicyclo[2.2.1]heptane iodide 142 (1 equiv., 2.5 mmol) was dissolved in 20 - 40 ml acetonitrile 
and LiNTf2 (1.1 equiv., 1.58 g, 5.5 mmol) was added. The reaction mixture was stirred overnight at 
room temperature and evaporated afterwards. The residue was dissolved in CH2Cl2 (40 ml) and the 
organic phase washed with distilled H2O (3x 20 ml). After drying over MgSO4 and filtration, 
evaporation of the volatiles yielded 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane 
bis(trifluoromethylsulfonyl)imides 146. 
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1-Cyano-7-methyl-7-octyl-7-azoniabicyclo[2.2.1]heptane bis(trifluoromethylsulfonyl)imide 146g 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.92 - 0.97 (3H, m, CH2CH3) ; 
1.36 - 1.45 (10H, m, 5x (CH2)oct) ; 1.76 - 1.90 (1H, m, N+CH2CHxHy) 
; 1.94 - 2.16 (3H, m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.29 - 2.47 
(2H, m, 2x CHCHexoHendo) ; 2.51 - 2.82 (4H, m, 2x CqCHaHb, 2x 
CqCHaHb) ; 3.28 (3H, s, N+CH3) ; 3.37 (1H, ddd, J1 = 12.7Hz, J2 = 
12.7Hz , J3 = 5.0Hz, N+CHxHy) ; 3.55 (1H, ddd, J1 = 12.7Hz, J2 = 
12.7Hz , J3 = 5.0Hz, N+CHxHy) ; 4.42 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 
14.36 (CH3) ; 23.52 ((CH2)oct) ; 25.00 (N+CH2CH2) ; 27.21 ((CH2)oct) ; 27.27 (CHCH2) ; 27.62 (CHCH2) ; 
29.99 ((CH2)oct) ; 30.05 ((CH2)oct) ; 32.69 ((CH2)oct) ; 33.53 (CqCH2) ; 33.73 (CqCH2) ; 41.47 (N+CH3) ; 
49.00 (CD3OD) ; 57.66 (N+CH2) ; 71.73 (N+CH) ; 73.11 (N+Cq) ; 114.56 (C≡N) ; 121.07 (q, J = 320.4Hz, 
2x CF3). 19F-NMR (CD3OD, 282MHz, 25°C): δ -78.91 (2x CF3). IR (ATR, cm-1): 1348 (νS=O), 1330 
(νS=O), 1180 (νCF3), 1134 (νCF3), 1053 (νN-S). MS (ESI, pos. mode): 249.3 (100, [C16H29N2]+). MS (ESI, 
neg. mode): [280.0 (100) ; 282.0 (10)] (Sulfur isotopes, Tf2N-). Elemental Analysis (%): 
C18H29F6N3O4S2 calc: C, 40.82 ; H, 5.52 ; N, 7.93 ; exp: C, 40.67 ; H, 5.41 ; N, 7.82. Colourless oil. 
Yield = 93%. 
 
1-Cyano-7-heptyl-7-methyl-7-azoniabicyclo[2.2.1]heptane bis(trifluoromethylsulfonyl)imide 146f 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.91 (3H, t, J = 6.9Hz, CH2CH3) 
; 1.28 - 1.49 (8H, m, 4x (CH2)hept) ; 1.70 - 1.84 (1H, m, N+CH2CHxHy) ; 
1.90 - 2.12 (3H, m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.25 - 2.43 (2H, 
m, 2x CHCHexoHendo) ; 2.47 - 2.77 (4H, m, 2x CqCHaHb, 2x CqCHaHb) 
; 3.17 - 3.35 (4H, m, N+CH3, N+CHxHy) ; 3.49 (1H, ddd, J1 = 12.5Hz, 
J2 = 12.5Hz, J3 = 4.6Hz, N+CHxHy) ; 4.38 (1H, t, J = 4.4Hz, N+CH). 
13C-NMR (CD3OD, 75.4MHz, 25°C): δ 14.32 (CH3) ; 23.28 ((CH2)hept) ; 24.87 (N+CH2CH2) ; 27.07 
(CHCH2) ; 27.12 ((CH2)hept) ; 27.54 (CHCH2) ; 29.59 ((CH2)hept) ; 32.35 ((CH2)hept) ; 33.42 (CqCH2) ; 
33.63 (CqCH2) ; 41.48 (N+CH3) ; 49.07 (CD3OD) ; 57.56 (N+CH2) ; 71.61 (N+CH) ; 72.98 (N+Cq) ; 
114.24 (C≡N) ; 120.94 (q, J = 320.8Hz, 2x CF3). 19F-NMR (CD3OD, 282MHz, 25°C): δ -79.01 (2x CF3). 
IR (ATR, cm-1): 1348 (νS=O), 1330 (νS=O), 1179 (νCF3), 1133 (νCF3), 1053 (νN-S). MS (ESI, pos. mode): 
235.3 (100, [C15H27N2]+). MS (ESI, neg. mode): [280.0 (100) ; 282.0 (10)] (Sulfur isotopes, Tf2N-). 
Yellow oil. Yield = 91%. 
 
1-Cyano-7-hexyl-7-methyl-7-azoniabicyclo[2.2.1]heptane bis(trifluoromethylsulfonyl)imide 146e 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.93 (3H, t, J = 6.9Hz, 
CH2CH3) ; 1.34 - 1.50 (6H, m, 3x (CH2)hex) ; 1.71 - 1.85 (1H, m, 
N+CH2CHxHy) ; 1.90 - 2.16 (3H, m, 2x CHCHexoHendo, N+CH2CHxHy) 
; 2.25 - 2.44 (2H, m, 2x CHCHexoHendo) ; 2.47 - 2.78 (4H, m, 2x 
CqCHaHb, 2x CqCHaHb) ; 3.25 (3H, s, N+CH3) ; 3.34 (1H, ddd, J1 = 
12.7Hz, J2 = 12.7Hz , J3 = 5.0Hz, N+CHxHy) ; 3.52 (1H, ddd, J1 = 
12.5Hz, J2 = 12.5Hz , J3 = 4.6Hz, N+CHxHy) ; 4.39 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 
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75.4MHz, 25°C): δ 14.26 (CH3) ; 23.39 ((CH2)hex) ; 25.04 (N+CH2CH2) ; 27.04 ((CH2)hex) ; 27.32 
(CHCH2) ; 27.71 (CHCH2) ; 32.32 ((CH2)hex) ; 33.62 (CqCH2) ; 33.83 (CqCH2) ; 41.56 (N+CH3) ; 49.09 
(CD3OD) ; 57.74 (N+CH2) ; 71.85 (N+CH) ; 73.21 (N+Cq) ; 114.43 (C≡N) ; 121.17 (q, J = 320.8Hz, 2x 
CF3). 19F-NMR (CD3OD, 282MHz, 25°C): δ -78.97 (2x CF3). IR (ATR, cm-1): 1348 (νS=O), 1330 (νS=O), 
1179 (νCF3), 1134 (νCF3), 1052 (νN-S). MS (ESI, pos. mode): 221.0 (100, [C14H25N2]+). MS (ESI, neg. 
mode): [280.0 (100) ; 282.0 (10)] (Sulfur isotopes, Tf2N-). Elemental Analysis (%): C16H25F6N3O4S2 
calc: C, 38.32 ; H, 5.02 ; N, 8.38 ; exp: C, 38.17 ; H, 4.96 ; N, 8.21. Yellow oil. Yield = 87%. 
 
7-Butyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane bis(trifluoromethylsulfonyl)imide 146d 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.04 (3H, t, J = 7.4Hz, 
CH2CH3) ; 1.41 - 1.53 (2H, sextet, J = 7.4Hz, CH2CH2CH3) ; 1.70 - 
1.85 (1H, m, N+CH2CHxHy) ; 1.89 - 2.12 (3H, m, 2x CHCHexoHendo, 
N+CH2CHxHy) ; 2.26 - 2.43 (2H, m, 2x CHCHexoHendo) ; 2.48 - 2.79 
(4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 3.26 (3H, s, N+CH3) ; 3.36 (1H, 
ddd, J1 = 12.7Hz, J2 = 12.7Hz , J3 = 4.6Hz, N+CHxHy) ; 3.56 (1H, ddd, J1 = 12.4Hz, J2 = 12.4Hz , J3 = 
5.0Hz, N+CHxHy) ; 4.40 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 13.89 (CH3) ; 
20.75 (CH2CH3) ; 27.01 (N+CH2CH2) ; 27.33 (CHCH2) ; 27.71 (CHCH2) ; 33.65 (CqCH2) ; 33.85 
(CqCH2) ; 41.54 (N+CH3) ; 49.04 (CD3OD) ; 57.56 (N+CH2) ; 71.88 (N+CH) ; 73.27 (N+Cq) ; 114.43 
(C≡N) ; 121.20 (q, J = 320.4Hz, 2x CF3). 19F-NMR (CD3OD, 282MHz, 25°C): δ -80.39 (2x CF3). IR 
(ATR, cm-1): 1348 (νS=O), 1330 (νS=O), 1178 (νCF3), 1133 (νCF3), 1052 (νN-S). MS (ESI, pos. mode): 
193.0 (100, [C12H21N2]+). MS (ESI, neg. mode): [280.0 (100) ; 282.0 (10)] (Sulfur isotopes, Tf2N-). 
Elemental Analysis (%): C14H21F6N3O4S2 calc: C, 35.52 ; H, 4.47 ; N, 8.88 ; exp: C, 35.38 ; H, 4.35 ; 
N, 8.76. Colourless oil. Yield = 93%. 
 
1-Cyano-7,7-dimethyl-7-azoniabicyclo[2.2.1]heptane bis(trifluoromethylsulfonyl)imide 146b 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.01 - 2.17 (2H, m, 2x 
CHCHexoHendo) ; 2.37 - 2.72 (6H, m, 2x CqCHaHb, 2x CqCHaHb, 2x 
CHCHexoHendo) ; 3.29 (6H, s, 2x N+CH3) ; 4.34 (1H, t, J = 4.7Hz, 
N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 27.77 (2x CHCH2) ; 
33.56 (2x CqCH2); 44.95 (2x N+CH3) ; 49.09 (CD3OD) ; 72.86 
(N+Cq) ; 75.21 (N+CH) ; 114.27 (C≡N) ; 121.23 (q, J = 320.4Hz, 2x CF3). 19F-NMR (CD3OD, 282MHz, 
25°C): δ -78.91 (2x CF3). IR (ATR, cm-1): 1344 (νS=O), 1326 (νS=O), 1190 (νCF3), 1134 (νCF3), 1051 (νN-
S). MS (ESI, pos. mode): 151.3 (100, [C9H15N2]+). MS (ESI, neg. mode): [279.0 (100) ; 281.0 (10)] 
(Sulfur isotopes, Tf2N-). MP: 78.0 °C. Elemental analysis (%):C11H15F6N2O4S2 calc: C, 30.63 ; H, 
3.50; N, 9.74 ; exp: C, 30.54 ; H, 3.17 ; N, 9.55. Pale yellow crystals. Yield = 93%. Recrystallization 
from acetone/ether. 
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1-Cyano-7-cyclohexyl-7-methyl-7-azoniabicyclo[2.2.1]heptane bis(trifluoromethylsulfonyl)imide 
146n 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.25 (1H, tdt, J1 = 12.8Hz, J2 
= 12.8Hz, J3 = 3.6Hz, Hcy) ; 1.47 - 2.09 (10H, m) ; 2.30 - 2.83 (7H, 
m) ; 3.14 (3H, s, N+CH3) ; 3.88 (1H, tt, J1 = 11.6Hz, J2 = 3.1Hz, 
N+CHCy) ; 4.46 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ 25.53 (CH2) ; 25.97 (CH2) ; 26.28 (CH2) ; 27.02 
(CH2) ; 27.59 (CH2) ; 28.51 (CH2) ; 28.99 (CH2) ; 33.01 (CH2) ; 
35.67 (CH2) ; 36.32 (N+CH3) ;  49.06 (CD3OD) ; 69.01 (N+CHCy) ; 70.98 (N+Cq) ; 73.45 (N+CH) ; 115.99 
(C≡N) ; 121.15 (q, J = 320.8Hz, 2x CF3). 19F-NMR (CD3OD, 282MHz, 25°C): δ -78.97 (2x CF3). IR 
(ATR, cm-1): 1351 (νS=O), 1328 (νS=O), 1179 (νCF3), 1133 (νCF3), 1050 (νN-S). MS (ESI, pos. mode): 
219.0 (100, [C14H23N2]+). MS (ESI, neg. mode): [280.0 (100) ; 282.0 (10)] (Sulfur isotopes, Tf2N-). MP: 
72.3 - 73.1 °C. Elemental Analysis (%): C16H23F6N3O4S2 calc: C, 38.47 ; H, 4.64 ; N, 8.41 ; exp: C, 
38.44 ; H, 4.13 ; N, 8.51. White crystals. Yield = 88%. Recrystallization from acetone/ether. 
 
1-Cyano-7-methyl-7-octadecyl-7-azoniabicyclo[2.2.1]heptane bis(trifluoromethylsulfonyl)imide 
146h 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.90 (3H, t, J = 6.1Hz, 
CH2CH3) ; 1.29 (26H, br s, 13x (CH2)octadec) ; 1.42 (4H, br s, 2x 
(CH2)octadec) ; 1.71 - 1.87 (1H, m, N+CH2CHxHy) ; 1.90 - 2.16 (3H, m, 
2x CHCHexoHendo, N+CH2CHxHy) ; 2.25 - 2.44 (2H, m, 2x 
CHCHexoHendo) ; 2.49 - 2.58 (2H, m, 2x CqCHaHb) ; 2.62 - 2.79 (2H, 
m, 2x CqCHaHb) ; 3.27 (3H, s, N+CH3) ; 3.33 - 3.42 (1H, m, N+CHxHy) ; 3.54 (1H, ddd, J1 = 12.4Hz, J2 = 
12.4Hz , J3 = 4.4Hz, N+CHxHy) ; 4.40 (1H, t, J = 4.4Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 
14.47 (CH3) ; 23.76 (CH2) ; 25.18 (CH2) ; 27.36 (CH2) ; 27.51 (CH2) ; 27.76 (CH2) ; 30.34 (CH2) ; 30.51 
(CH2) ; 30.57 (CH2) ; 30.66 (CH2) ; 30.81 (8x CH2) ; 33.10 (CH2) ; 33.68 (CqCH2) ; 33.88 (CqCH2) ; 
41.50 (N+CH3) ; 49.03 (CD3OD) ; 57.76 (N+CH2) ; 71.87 (N+CH) ; 73.30 (N+Cq) ; 114.48 (C≡N) ; 121.24 
(q, J = 320.8Hz, 2x CF3). 19F-NMR (CD3OD, 282MHz, 25°C): δ -78.94 (2x CF3). IR (ATR, cm-1): 2918, 
2851, 1343 (νS=O), 1189 (νCF3), 1133 (νCF3), 1053 (νN-S). MS (ESI, pos. mode): 389.3 (100, 
[C26H49N2]+). MS (ESI, neg. mode): [279.0 (100) ; 281.0 (10)] (Sulfur isotopes, Tf2N-). MP: 56.0 °C. 
Elemental analysis (%):C28H49F6N3O4S2 calc: C, 50.21 ; H, 7.37 ; N, 6.27 ; exp: C, 50.30; H, 7.66 ; N, 
6.18. Pale yellow flakes. Yield = 91%.  
 
1-Cyano-7-isobutyl-7-methyl-7-azoniabicyclo[2.2.1]heptane bis(trifluoromethylsulfonyl)imide 
146i 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.18 (6H, d, J = 6.6Hz, 
CH(CH3)2) ; 2.06 - 2.16 (2H, m, 2x CHCHexoHendo) ; 2.29 - 2.56 (5H, 
m, 2x CHCHexoHendo, 2x CqCHaHb, CH(CH3)2) ; 2.58 - 2.76 (2H, m, 
2x CqCHaHb) ; 3.21 - 3.27 (4H, m, N+CH3, N+CHxHy) ; 3.41 - 3.50 
(1H, m, N+CHxHy) ; 4.51 (1H, t, J = 4.7Hz, N+CH). 13C-NMR 
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(CD3OD, 75.4MHz, 25°C): δ 21.74 (CHCH3) ; 22.64 (CHCH3) ; 26.31 (CH(CH3)2) ; 27.85 (2x CHCH2) ; 
33.19 (CqCH2) ; 33.39 (CqCH2) ; 41.70 (N+CH3) ; 49.10 (CD3OD) ; 64.25 (N+CH2) ; 72.31 (N+CH) ; 
74.90 (N+Cq) ; 114.37 (C≡N) ; 121.13 (q, J = 320.4Hz, 2x CF3). 19F-NMR (CD3OD, 282MHz, 25°C): δ -
78.92 (2x CF3). IR (ATR, cm-1): 1347 (νS=O), 1330 (νS=O), 1178 (νCF3), 1133 (νCF3), 1051 (νN-S). MS 
(ESI, pos. mode): 193.3 (100, [C12H21N2]+). MS (ESI, neg. mode): [280.0 (100) ; 282.0.0 (10)] (Sulfur 
isotopes, Tf2N-). Pale yellow oil. Yield = 88%. 
 
1-Cyano-7-isopentyl-7-methyl-7-azoniabicyclo[2.2.1]heptane bis(trifluoromethylsulfonyl)imide 
146j 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.00 (6H, d, J = 6.1Hz, 
CH(CH3)2) ; 1.62 - 1.94 (3H, m, (CHCH2)i-pen, CH(CH3)2) ; 2.03 - 
2.14 (2H, m, 2x CHCHexoHendo) ; 2.21 - 2.43 (2H, m, 2x 
CHCHexoHendo) ; 2.46 - 2.79 (4H, m, 2x CqHaHb, 2x CqHaHb) ; 3.21 
(3H, s, N+CH3) ; 3.27 - 3.37 (1H, m, N+CHxHy) ; 3.42 - 3.55 (1H, m, 
N+CHxHy) ; 4.36 - 4.42 (1H, m, N+CH). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ 22.37 (CHCH3) ; 22.57 (CHCH3) ; 27.12 (CH(CH3)2) ; 27.56 (2x CHCH2) ; 33.06 
((CHCH2)i-pen) ; 33.39 (CqCH2) ; 33.70 (CqCH2) ; 41.47 (N+CH3) ; 49.09 (CD3OD) ; 56.54 (N+CH2) ; 
71.61 (N+CH) ; 73.09 (N+Cq) ; 114.25 (C≡N) ; 120.95 (q, J = 320.8Hz, 2x CF3). 19F-NMR (CD3OD, 
282MHz, 25°C): δ -79.07 (2x CF3). IR (ATR, cm-1): 1348 (νS=O), 1330 (νS=O), 1178 (νCF3), 1133 (νCF3), 
1052 (νN-S). MS (ESI, pos. mode): 207.3 (100, [C13H23N2]+). MS (ESI, neg. mode): [279.0 (100) ; 
281.0 (10)] (Sulfur isotopes, Tf2N-). Brown oil. Yield = 91%. 
 
1-Cyano-7-(2-ethylhexyl)-7-methyl-7-azoniabicyclo[2.2.1]heptane 
bis(trifluoromethylsulfonyl)imide 146k 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.92 - 1.00 (6H, m, 2x 
CH2CH3) ; 1.25 - 1.75 (8H, m, CHCH2CH2CH2CH3, CHCH2CH3) ; 
2.03 - 2.19 (3H, m, N+CH2CH, 2x CHCHexoHendo) ; 2.29 - 2.78 
(6H, m, 2x CHCHexoHendo, 2x CqCHaHb , 2x CqCHaHb) ; 3.16 - 3.27 
(4H, m,  N+CH3, N+CHxHy) ; 3.44 - 3.53 (1H, m, N+CHxHy) ; 4.45 
(0.35H, t, J = 4.1Hz, N+CH (stereoisomer 2)) ; 4.46 (0.65H, t, J = 
4.1Hz, N+CH (stereoisomer 1)). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ Stereoisomer 1 (66%): 10.08 
(CHCH2CH3) ; 14.28 (CH2CH2CH3) ; 23.64 (CH2CH2CH3) ; 25.76 (CHCH2CH3) ; 27.83 (CHCH2) ; 27.96 
(CHCH2) ; 28.96 (CHCH2CH2) ; 32.55 (CH2CH2CH2) ; 33.25 (CqCH2) ; 33.41 (CqCH2) ; 36.23 
(N+CH2CH) ; 41.65 (N+CH3) ; 49.05 (CD3OD) ; 61.47 (N+CH2) ; 72.48 (N+CH) ; 74.65 (N+Cq) ; 114.33 
(C≡N) ; 121.05 (q, J = 320.8Hz, 2x CF3). Stereoisomer 2 (66%): 10.31 (CHCH2CH3) ; 14.28 
(CH2CH2CH3) ; 23.64 (CH2CH2CH3) ; 26.05 (CHCH2CH3) ; 27.79 (CHCH2) ; 27.96 (CHCH2) ; 28.77 
(CHCH2CH2) ; 32.69 (CH2CH2CH2) ; 33.25 (CqCH2) ; 33.48 (CqCH2) ; 36.34 (N+CH2CH) ; 41.76 
(N+CH3) ; 49.05 (CD3OD) ; 61.56 (N+CH2) ; 72.48 (N+CH) ; 74.51 (N+Cq) ; 114.33 (C≡N) ; 121.05 (q, J 
= 320.8Hz, 2x CF3). 19F-NMR (CD3OD, 282MHz, 25°C): δ -79.95 (2x CF3). IR (ATR, cm-1): 1348 
(νS=O), 1330 (νS=O), 1179 (νCF3), 1134 (νCF3), 1053 (νN-S). MS (ESI, pos. mode): 249.3 (100, 
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[C16H29N2]+). MS (ESI, neg. mode): [279.0 (100) ; 281.0 (10)] (Sulfur isotopes, Tf2N-). Dark brown oil. 
Yield = 84%. 
 
1-Cyano-7-(2-methoxyethyl)-7-methyl-7-azoniabicyclo[2.2.1]heptane 
bis(trifluoromethylsulfonyl)imide 146t 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.02 - 2.14 (2H, m, 2x 
CHCHexoHendo) ; 2.34 - 2.73 (6H, m, 2x CHCHexoHendo, 2x 
CqCHaHb, 2x CqCHaHb) ; 3.30 (3H, s, N+CH3) ; 3.41 (3H, s, OCH3) 
; 3.54 - 3.62 (1H, m, N+CHxHy) ; 3.78 - 4.01 (3H, m, N+CHxHy, 
OCH2) ; 4.55 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ 27.59 (CHCH2) ; 27.67 (CHCH2) ; 33.27 (CqCH2) ; 33.38 (CqCH2) ; 41.78 (N+CH3) ; 
49.00 (CD3OD) ; 57.18 (N+CH2) ; 59.20 (OCH3) ; 67.25 (OCH2) ; 73.96 (N+CH, N+Cq) ; 114.32 (C≡N) ; 
121.05 (2x CF3, q, J = 320.8Hz). 19F-NMR (CD3OD, 282MHz, 25°C): δ -78,85 (2 x CF3). IR (ATR, cm-
1): 1349 (νS=O), 1179 (νCF3), 1132 (νCF3), 1052 (νN-S). MS (ESI, pos. mode): 195.3 (100, [C11H19N2O]+). 
MS (ESI, neg. mode): [280.0 (100) ; 282.0 (15)] (Sulfur isotopes, Tf2N-). Yellow oil. Yield = 85%. 
 
1-Cyano-7-methyl-7-((tetrahydrofuran-2-yl)methyl)-7-azoniabicyclo[2.2.1]heptane 
bis(trifluoromethylsulfonyl)imide 146u 
Stereoisomer 1: 60%, stereoisomer 2: 40%. 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.59 - 1.75 (1H, m, 
OCH2CHxHy) ; 1.84 - 2.77 (11H, m, OCH2CHxHy, OCHCH2, 2x 
CHCHexoHendo, 2x CHCHexoHendo, 2x CqCHaHb ,2x CqCHaHb) ; 3.30 
(1.2H, m, N+CH3 (stereoisomer 2)) ; 3.38 - 3.73 (3.8H, m, N+CH3 
(stereoisomer 1), N+CH2) ; 3.81 - 4.01 (2H, m, OCH2) ; 4.33 - 4.41 
(0.6H, m, OCH (stereoisomer 1)) ; 4.44 - 4.53 (1H, m, OCH (stereoisomer 2), N+CH (stereoisomer 1)) ; 
4.71 (0.4H, t, J = 4.4Hz, N+CH (stereoisomer 2)). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ Stereoisomer 
1: 25.64 (OCH2CH2) ; 27.35 (CHCH2) ; 28.03 (CHCH2) ; 31.41 (OCHCH2) ; 33.33 (CqCH2) ; 33.68 
(CqCH2) ; 43.70 (N+CH3) ; 49.12 (CD3OD) ; 61.15 (N+CH2) ; 69.90 (OCH2) ; 72.28 (N+CH) ; 73.99 
(N+Cq) ; 75.00 (N+CH2CHO) ; 114.30 (C≡N) ; 121.09 (q, J = 320.8Hz, 2x CF3). Stereoisomer 2: 25.99 
(OCH2CH2) ; 27.67 (CHCH2) ; 27.70 (CHCH2) ; 30.87 (OCHCH2) ; 33.09 (CqCH2) ; 33.50 (CqCH2) ; 
41.24 (N+CH3) ; 49.12 (CD3OD) ; 60.83 (N+CH2) ; 70.13 (OCH2) ; 74.05 (N+Cq) ; 74.22 (N+CH2CHO) ; 
74.43 (N+CH) ; 114.36 (C≡N) ; 121.09 (q, J = 320.8Hz, 2x CF3). 19F-NMR (CD3OD, 282MHz, 25°C): δ -
78.90 (2x CF3). IR (ATR, cm-1): 1348 (νS=O), 1330 (νS=O), 1178 (νCF3), 1133 (νCF3), 1052 (νN-S). MS 
(ESI, pos. mode): 221.3 (100, [C13H21N2O]+). MS (ESI, neg. mode): [280.0 (100) ; 282.0 (10)] (Sulfur 
isotopes, Tf2N-). Yellow oil. Yield = 96%. 
 
7-Allyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane bis(trifluoromethylsulfonyl)imide 146p 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.05 - 2.15 (2H, m, 2x CHCHexoHendo) ; 2.32 - 2.49 (2H, m, 2x 
CHCHexoHendo) ; 2.51 - 2.80 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 3.25 (3H, s, N+CH3) ; 4.06 (1H, dd, J1 
= 13.5Hz; J2 = 7.4Hz, N+CHxHy) ; 4.27 (1H, dd, J1 = 13.5Hz, J2 = 6.9Hz, N+CHxHy) ; 4.34 (1H, t, J = 
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4.7Hz, N+CH) ; 5.72 - 5.85 (2H, m, CH=CH2) ; 6.09 - 6.23 (1H, m, 
CH=CH2). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 27.31 (CHCH2) ; 
27.65 (CHCH2) ; 33.59 (CqCH2) ; 34.00 (CqCH2) ; 41.35 (N+CH3) ; 
49.04 (CD3OD) ; 59.94 (N+CH2) ; 72.40 (N+CH) ; 72.62 (N+Cq) ; 
114.36 (C≡N) ; 121.24 (2x CF3, q, J = 320.0Hz) ; 126.39 (CH=CH2) 
; 129.17 (CH=CH2). 19F-NMR (CD3OD, 282MHz, 25°C): δ -78.97 (CF3). IR (ATR, cm-1): 1347 (νS=O), 
1179 (νCF3), 1133 (νCF3), 1051 (νN-S). MS (ESI, pos. mode): 177.3 (100, [C11H17N2]+). MS (ESI, neg. 
mode): [280.0 (100) ; 282.0 (10)] (Sulfur isotopes, Tf2N-). MP: 61.0 °C. White powder. Yield = 94%. 
 
7-Benzyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane bis(trifluoromethylsulfonyl)imide 
146q 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.04 - 2.35 (3H, m, 2x 
CHCHexoHendo, CHCHexoHendo) ; 2.55 - 2.94 (5H, m, 
CHCHexoHendo, 2x CqHaHb, 2x CqHaHb) ; 3.11 (3H, s, N+CH3) ; 
4.26 (1H, t, J = 4.4Hz, N+CH) ; 4.46 (1H, d, J = 13.2Hz, 
N+CHxHy) ; 4.90 (1H, d, J = 13.2Hz, N+CHxHy) ; 7.46 - 7.69 (5H, 
m, 5x CHAr). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 27.54 (CHCH2) ; 28.09 (CHCH2) ; 33.51 (CqCH2) ; 
34.22 (CqCH2) ; 41.01 (N+CH3) ; 49.06 (CD3OD) ; 60.52 (N+CH2) ; 72.02 (N+CH) ; 73.38 (N+Cq) ; 
114.25 (C≡N) ; 121.18 (q, J = 320.8Hz, 2x CF3) ; 129.05 (C1) ; 130.63 (C5HAr, C3HAr) ; 132.10 (C4HAr) ; 
133.60 (C2HAr, C6HAr). 19F-NMR (CD3OD, 282MHz, 25°C): δ -78.95 (2x CF3). IR (ATR, cm-1): 1349 (νN-
S), 1190 (νCF3), 1178 (νCF3), 1137 (νCF3), 1050 (νN-S). MS (ESI, pos. mode): 227.3 (100, [C15H19N2]+). 
MS (ESI, neg. mode): [280.0 (100) ; 282.0 (10)] (Sulfur isotopes, Tf2N-). MP: 113.0 °C. Elemental 
analysis (%):C17H19F6N3O4S2 calc: C, 40.24 ; H, 3.77 ; N, 8.28 ; exp: C, 40.30; H, 3.43 ; N, 8.15. 
White crystals. Yield = 86%. Recrystallization from acetone/ether. 
 
1-Cyano-7-(2-(1-cyano-7-azabicyclo[2.2.1]heptan-7-yl)ethyl)-7-methyl-7-
azoniabicyclo[2.2.1]heptane bis(trifluoromethylsulfonyl)imide 155a 
1H-NMR ((CD3)2SO, 300MHz, 25°C): δ 1.39 - 1.51 (2H, m, 2x 
NCHCHexoHendo) ; 1.71 - 2.06 (8H, m, 2x NCHCHexoHendo, 2x 
NCqCHaHb, 2x NCqCHaHb, 2x N+CHCHexoHendo) ; 2.16 - 2.33 (2H, 
m, 2x N+CHCHexoHendo) ; 2.58 - 2.76 (4H, m, 2x N+CqCHaHb, 2x 
N+CqCHaHb) ; 2.84 - 3.04 (2H, m, N+CH2CH2N) ; 3.29 (3H, s, 
N+CH3) ; 3.44 - 3.53 (1H, m, N+CHxHyCH2N) ; 3.65 - 3.72 (2H, m, 
N+CHxHyCH2N, NCH) ; 4.57 (1H, t, J = 4.5Hz, N+CH). 13C-NMR 
((CD3)2SO, 75.4MHz, 25°C): δ 26.18 (N+CHCH2) ; 26.23 (N+CHCH2) ; 26.98 (NCHCH2) ; 27.67 
(NCHCH2) ; 31.48 (N+CqCH2) ; 31.91 (N+CqCH2) ; 32.87 (NCqCH2) ; 33.42 (NCqCH2) ; 39.44 
((CD3)2SO) ; 40.60 (N+CH2CH2N) ; 40.70 (N+CH3) ; 54.17 (N+CH2CH2N)  ; 59.56 (NCq,  NCH) ; 71.52 
(N+Cq) ; 72.22 (N+CH) ; 113.96 (N+CqC≡N) ; 119.42 (q, J = 322.3Hz, 2x CF3) ; 120.37 (NCqC≡N). IR 
(ATR, cm-1): 1352 (νS=O), 1324 (νS=O), 1179 (νCF3), 1140 (νCF3), 1054 (νN-S), 612. MS (ESI, pos. 
mode): 285.3 (100, [C17H25N2]+). MS (ESI, neg. mode): [279.0 (100) ; 281.0 (10)] (Sulfur isotopes, 
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Tf2N-). MP: 132.0 °C. Elemental analysis (%):C19H25F6N5O4S2 calc: C, 40.35 ; H, 4.46 ; N, 12.38 ; 
exp: C, 40.19 ; H, 4.38 ; N, 12.27. White powder. Yield = 93%. Recrystallization from acetone. 
 
1,8-Di(1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptan-7-yl)-3,6-dioxaoctane 
bis(trifluoromethylsulfonyl)imide 155d 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.02 - 2.20 
(4H, m, 4x CHCHexoHendo) ; 2.34 - 2.76 (12H, m, 4x 
CHCHexoHendo, 4x CqCHaHb, 4x CqCHaHb) ; 3.34 
(6H, s, 2x N+CH3) ; 3.59 - 3.77 (2H, m, 2x 
N+CHxHy) ; 3.77 (4H, s, OCH2CH2O) ; 3.89 - 4.02 
(4H, m, 2x N+CHxHy, 2x N+CH2CHxHyO) ; 4.04 - 
4.14 (2H, m, 2x N+CH2CHxHyO) ; 4.57 (2H, t, J = 
4.4Hz, 2x N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 27.74 (2x CHCH2) ; 27.88 (2x CHCH2) ; 33.41 
(2x CqCH2) ; 33.53 (2x CqCH2) ; 41.99 (2x N+CH3) ; 49.09 (CD3OD) ; 57.39 (2x N+CH2) ; 66.07 (2x 
N+CH2CH2O) ; 71.44 (OCH2CH2O) ; 74.13 (2x N+CH) ; 74.19 (2x N+Cq) ; 114.43 (2x C≡N) ; 121.18 (q, 
J = 320.4Hz, 4x CF3). 19F-NMR (CD3OD, 282MHz, 25°C): δ -78.89 (4x CF3). IR (ATR, cm-1): 1348 
(νS=O), 1330 (νS=O), 1178 (νCF3), 1132 (νCF3), 1051 (νN-S). MS (ESI, pos. mode): 180.8 (35, 233) ; 194.3 
(100, 234). MS (ESI, neg. mode): [280.0 (100) ; 282.0 (10)] (Sulfur isotopes, Tf2N-). Dark brown oil. 
Yield = 93%.  
 
 
 
4.2.2.6. Synthesis of 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane methyl sulfates 
 
Method A: In a 10 ml vial, a 7-alkyl-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134 (1 equiv., 1.5 mmol) 
was dissolved in 5 ml of CH2Cl2. Dimethyl sulfate was added and the mixture was stirred under 
conditions specified in Table 18. After evaporation of the volatiles, the residue was stirred with 10 ml of 
diethylether which was decanted after 15 minutes. Further evaporation yielded 7-alkyl-1-cyano-7-
methyl-7-azoniabicyclo[2.2.1]heptane methyl sulfates 158. 
 
1-Cyano-7-methyl-7-octyl-7-azoniabicyclo[2.2.1]heptane methyl sulfate 158g 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.86 - 0.95 (3H, m, CH2CH3) ; 1.27 - 1.47 (10H, m, 5x (CH2)oct) ; 
1.73 - 1.88 (1H, m, N+CH2CHxHy) ; 1.93 - 2.15 (3H, m, N+CH2CHxHy, 2x CHCHexoHendo) ; 2.27 - 2.47 
(2H, m, 2 x CHCHexoHendo) ; 2.51 - 2.81 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 3.24 - 3.42 (4H, m, 
N+CHxHy , N+CH3) ; 3.56 (1H, ddd, J1 = 12.5Hz, J2 = 12.5Hz, J3 = 4.8Hz, N+CHxHy) ; 3.67 (3H, s, OCH3) 
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; 4.44 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 
14.41 (CH3) ; 23.53 ((CH2)oct) ; 24.99 ((CH2)oct) ; 27.28 ((CH2)oct) ; 27.31 
(CHCH2) ; 27.65 (CHCH2) ; 30.06 ((CH2)oct) ; 30.12 ((CH2)oct) ; 32.72 
((CH2)oct) ; 33.53 (CqCH2) ; 33.77 (CqCH2) ; 41.53 (N+CH3) ; 49.00 
(CD3OD) ; 54.95 (OCH3) ; 57.61 (N+CH2) ; 71.90 (N+CH) ; 73.00 (N+Cq) 
; 114.66 (C≡N). IR (ATR, cm-1): 1220 (νS=O) ; 1011 (νS-O) ; 744. MS 
(ESI, pos. mode): 249.3 (100, [C16H29N2]+). MS (ESI, neg. mode): 111.3 (100, [CH3O4S]-) ; 367.3 (35) 
; 471.3 (80). MP: 136 °C. White crystals. Yield = 75%. Recrystallization from acetone/ether. 
 
1-Cyano-7-hexyl-7-methyl-7-azoniabicyclo[2.2.1]heptane methyl sulfate 158e 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.94 (3H, t, J = 6.6Hz, CH2CH3) ; 
1.35 - 1.47 (6H, m, 3x (CH2)hex) ; 1.73 - 1.88 (1H, m, N+CH2CHxHy) ; 
1.92 - 2.14 (3H, m, N+CH2CHxHy, 2x CHCHendoHexo) ; 2.26 - 2.80 (6H, 
m, 2x CHCHendoHexo, 2x CqCHaHb, 2x CqCHaHb) ; 3.27 - 3.41 (7H, m, 
N+CHxHy ,N+CH3, OCH3) ; 3.56 (1H, ddd, J1= 12.7Hz, J2 = 12.7Hz, J3 = 
4.4 Hz, N+CHxHy) ; 4.42 (1H, t, J = 4.4Hz, N+CH). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ 14.37 (CH3) ; 23.48 ((CH2)hex) ; 25.07 (N+CH2CH2) ; 27.13 ((CH2)hex) ; 27.38 
(CHCH2) ; 27.76 (CHCH2) ; 32.43 ((CH2)hex) ; 33.67 (CqCH2) ; 33.90 (CqCH2) ; 41.62 (N+CH3) ; 49.01 
(CD3OD) ; 55.09 (OCH3) ; 57.76 (N+CH2) ; 71.97 (N+CH) ; 73.18 (N+Cq) ; 114.71 (C≡N). IR (ATR, cm-
1): 1230 (νS=O) ; 1010 (νS-O) ; 737. MS (ESI, pos. mode): 221.3 (100, [C14H25N2]+). MS (ESI, neg. 
mode): 111.3 (90, [CH3O4S]-) ; 443.0 (100).  MP: 80 °C. White crystals. Yield = 68%. Recrystallization 
from acetone/ether. 
 
7-Butyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane methyl sulfate 158d 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.04 (3H, t, J = 7.2Hz, CH2CH3) 
; 1.40 - 1.57 (2H, m, CH2CH2CH3) ; 1.72 - 1.87 (1H, m, N+CH2CHxHy) 
; 1.91 - 2.15 (3H, m, N+CH2CHxHy, 2x CHCHexoHendo) ; 2.28 - 2.47 
(2H, m, 2x CHCHexoHendo) ; 2.51 - 2.81 (4H, m, 2x CqCHaHb, 2x 
CqCHaHb) ; 3.28 (3H, s, N+CH3) ; 3.36 (1H, ddd, J1 = 12.4Hz, J2 = 
12.5Hz, J3 = 4.8Hz, N+CHxHy) ; 3.56 (1H, ddd, J1 = 12.4Hz, J2 = 12.4Hz, J3 = 4.7Hz, N+CHxHy) ; 3.67 
(3H, s, OCH3) ; 4.44 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 13.96 (CH3) ; 
20.67 (CH2CH3) ; 26.90 (N+CH2CH2) ; 27.30 (CHCH2) ; 27.65 (CHCH2) ; 3356 (CqCH2) ; 33.79 (CqCH2) 
; 41.54 (N+CH3) ; 48.98 (CD3OD) ; 54.98 (OCH3) ; 57.44 (N+CH2) ; 71.90 (N+CH) ; 73.07 (N+Cq) ; 
114.63 (C≡N). IR (ATR, cm-1): 1224 (νS=O) ; 1011 (νS-O) ; 730. MS (ESI, pos. mode): 193.3 (100, 
[C12H21N2]+). MS (ESI, neg. mode): 111.0 (100, [CH3O4S]-) ; 415.0 (100). MP: 81 °C. White crystals. 
Yield = 54%. Recrystallization from methanol/ether. 
 
7-Allyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane methyl sulfate 158p 
1H-NMR (CD3OD, 300MHz, 25°C): δ 2.07 - 2.18 (2H, m, 2x CHCHexoHendo) ; 2.35 - 2.51 (2H, m, 2x 
CHCHexoHendo) ; 2.55 - 2.83 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 3.27 (3H, s, N+CH3) ; 3.35 (3H, s, 
Experimental part 
 135 
OCH3) ; 4.06 (1H, dd, J1 = 13.8Hz, J2 = 7.7Hz, N+CHxHy) ; 4.29 (1H, dd, 
J1 = 13,2 Hz, J2 = 7,2 Hz, N+CHxHy) ; 4.37 (1H, t, J = 4.7Hz, N+CH) ; 
5.72 - 5.88 (2H, m, CH=CH2) ; 6.13 - 6.26 (1H, m, CH=CH2). 13C-NMR 
(CD3OD, 75.4MHz, 25°C): δ 27.27 (CHCH2) ; 27.61 (CHCH2) ; 33.47 
(CqCH2) ; 33.96 (CqCH2) ; 41.38 (N+CH3) ; 49.00 (CD3OD) ; 55.15 
(OCH3) ; 59.87 (N+CH2) ; 72.33 (N+Cq) ; 72.48 (N+CH) ; 114.52 (C≡N) ; 126.41 (CH=CH2) ; 129.07 
(CH=CH2). IR (ATR, cm-1): 1200 (νS=O) ; 1048 (νS-O) ; 997 ; 759. MS (ESI, pos. mode): 177.3 (100, 
[C11H17N2]+). MS (ESI, neg. mode): 97.3 (35, [HO4S]-) ; 111.3 (100, [CH3O4S]-) ; 195.0 (40) ; 371.3 
(35). Brown oil. Yield = 90%. 
 
Method B: In a 10 ml vial, a 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane iodide 142 (1 
equiv., 1.25 mmol) was dissolved in 5 ml of acetonitrile. 1.1 equivalents of dimethyl sulfate was added 
and the mixture was left stirring at open air overnight. After evaporation of the volatiles, the residue 
was stirred with 10 ml of diethylether which was decanted after 15 minutes and this was repeated 
three times. Further evaporation yielded 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane 
methyl sulfates 158. 
 
1-Cyano-7-isobutyl-7-methyl-7-azoniabicyclo[2.2.1]heptane methyl sulfate 158i 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.18 (3H, d, J = 6.6Hz, CHCH3) ; 
1.21 (3H, d, J = 7.2Hz, CHCH3) ; 2.07 - 2.20 (2H, m, 2x CHCHexoHendo) ; 
2.32 - 2.59 (5H, m, 2x CHCHexoHendo, 2x CqCHaHb, CH(CH3)2) ; 2.61 - 
2.79 (2H, m, 2x CqCHaHb) ; 3.24 - 3.31 (4H, m, N+CH3, N+CHxHy) ; 3.50 
(1H, dd, J1 = 13.5Hz, J2 = 7.4Hz, N+CHxHy) ; 3.68 (3H, s, OCH3) ; 4.56 
(1H, t, J = 4.4Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 21.80 (CHCH3) ; 22.72 (CHCH3) ; 
26.34 (CH(CH3)2) ; 27.91 (CHCH2) ; 27.94 (CHCH2) ; 33.25 (CqCH2) ; 33.47 (CqCH2) ; 41.72 (N+CH3) ; 
49.04 (CD3OD) ; 55.09 (OCH3) ; 64.22 (N+CH2) ; 72.40 (N+CH) ; 74.91 (N+Cq) ; 114.63 (C≡N). IR 
(ATR, cm-1): 1216 (νS=O) ; 1058 ; 1040 ; 1004 (νS-O) ; 742. MS (ESI, pos. mode): 193.3 (100, 
[C12H21N2]+). MS (ESI, neg. mode): 111.0 (100, [CH3O4S]-) ; 114.0 (30).  Colourless oil. Yield = 62%. 
 
1-Cyano-7-isopentyl-7-methyl-7-azoniabicyclo[2.2.1]heptane methyl sulfate 158j 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.03 (6H, d, J = 6.6Hz, CH(CH3)2) 
; 1.65 - 1.79 (2H, m, (CHCH2)i-pen) ; 1.81 - 1.96 (1H, m, CH(CH3)2) ; 
2.05 - 2.16 (2H, m, 2x CHCHexoHendo) ; 2.23 - 2.46 (2H, m, 2x 
CHCHexoHendo) ; 2.49 - 2.60 (2H, m, 2x CqHaHb) ; 2.63 - 2.83 (2H, m, 2x 
CqHaHb) ; 3.28 (3H, s, N+CH3) ; 3.34 - 3.44 (1H, m, N+CHxHy) ; 3.55 
(1H, ddd, J1 = 12.7Hz, J2 = 12.7Hz, J3 = 3.9Hz, N+CHxHy) ; 3.68 (3H, s, 
OCH3) ; 4.42 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 22.51 (CHCH3) ; 22.72 
(CHCH3) ; 27.25 (CH(CH3)2, CHCH2) ; 27.68 (CHCH2) ; 33.16 ((CHCH2)i-pen) ; 33.50 (CqCH2) ; 33.85 
(CqCH2) ; 41.56 (N+CH3) ; 49.03 (CD3OD) ; 55.07 (OCH3) ; 56.58 (N+CH2) ; 71.90 (N+CH) ; 73.06 
(N+Cq) ; 114.68 (C≡N). IR (ATR, cm-1): 1219 (νS=O) ; 1170 (νS=O) ; 1038 (νS-O) ; 1004 (νS-O) ; 730. MS 
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(ESI, pos. mode): 207.3 (100, [C13H23N2]+). MS (ESI, neg. mode): 111.0 (55, [CH3O4S]-) ; 114.0 
(100). Yellow oil. Yield = 54%. 
 
1-Cyano-7-methyl-7-((tetrahydrofuran-2-yl)methyl)-7-azoniabicyclo[2.2.1]heptane methyl sulfate 
158u 
Stereoisomer 1: 60%, stereoisomer 2: 40%. 
 1H-NMR (CD3OD, 300MHz, 25°C): δ 1.62 - 1.78 (1H, m, 
OCH2CHxHy) ; 1.86 - 2.83 (11H, m, OCH2CHxHy, OCHCH2, 2x 
CHCHexoHendo, 2x CHCHexoHendo, 2x CqCHaHb ,2x CqCHaHb) ; 3.35 
(1.2H, s, N+CH3 (stereoisomer 2)) ; 3.42 - 3.63 (3.8H, m, N+CH3 
(stereoisomer 1), N+CH2) ; 3.67 (3H, s, OCH3) ; 3.78 - 4.02 (2H, m, 
OCH2) ; 4.38 - 4.44 (0.6H, m, OCH (stereoisomer 1)) ; 4.49 - 4.57 (1H, m, OCH (stereoisomer 2), 
N+CH (stereoisomer 1)) ; 4.71 (0.4H, t, J = 4.4Hz, N+CH (stereoisomer 2)). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ Stereoisomer 1: 25.79 (OCH2CH2) ; 27.45 (CHCH2) ; 28.09 (CHCH2) ; 31.48 
(OCHCH2) ; 33.39 (CqCH2) ; 33.76 (CqCH2) ; 43.65 (N+CH3) ; 49.04 (CD3OD) ; 55.06 (OCH3) ; 61.13 
(N+CH2) ; 69.88 (OCH2) ; 72.43 (N+CH) ; 74.00 (N+Cq) ; 75.17 (N+CH2CHO) ; 114.59 (C≡N). 
Stereoisomer 2: 26.12 (OCH2CH2) ; 27.76 (CHCH2) ; 27.76 (CHCH2) ; 30.98 (OCHCH2) ; 33.16 
(CqCH2) ; 33.56 (CqCH2) ; 41.33 (N+CH3) ; 49.04 (CD3OD) ; 55.06 (OCH3) ; 60.84 (N+CH2) ; 70.13 
(OCH2) ; 74.23 (N+Cq, N+CH2CHO) ; 74.45 (N+CH) ; 114.65 (C≡N). IR (ATR, cm-1): 1219 (νS=O) ; 1007 
(νS-O) ; 734. MS (ESI, pos. mode): 221.3 (100, [C13H21N2O]+). MS (ESI, neg. mode): 111.0 (100, 
[CH3O4S]-). MP: 102.0 °C. White powder. Yield = 67%. 
 
1-Cyano-7-(2-(1-cyano-7-azabicyclo[2.2.1]heptan-7-yl)ethyl)-7-methyl-7-
azoniabicyclo[2.2.1]heptane methyl sulfate 158v 
 1H-NMR (CD3OD, 300MHz, 25°C): δ 1.48 - 1.63 (2H, m, 2x 
NCHCHexoHendo) ; 1.82 - 2.21 (8H, m, 2x NCHCHexoHendo, 2x 
NCqCHaHb, 2x NCqCHaHb, 2x N+CHCHexoHendo) ; 2.39 - 2.79 (6H, m, 
2x N+CHCHexoHendo, 2x N+CqCHaHb, 2x N+CqCHaHb) ; 3.05 (1H, dt, 
Jd = 15.4Hz, Jt = 5.1Hz, N+CH2CHxHyN) ; 3.15 - 3.27 (1H, m, 
N+CH2CHxHyN) ; 3.39 (3H, s, N+CH3) ; 3.58 (1H, dt, Jd = 13.8Hz, Jt 
= 5.1Hz, N+CHxHy) ; 3.68 (4H, br s, NCH, OCH3) ; 3.78 - 3.87 (1H, 
m, N+CHxHy) ; 4.71 (1H, t, J = 4.1Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 27.80 (N+CHCH2) ; 
27.89 (N+CHCH2) ; 28.43 (NCHCH2) ; 29.25 (NCHCH2) ; 33.24 (N+CqCH2) ; 33.71 (N+CqCH2) ; 34.44 
(NCqCH2) ; 35.09 (NCqCH2) ; 41.68 (N+CH2CH2N) ; 42.69 (N+CH3) ; 49.04 (CD3OD) ; 55.13 (OCH3) ; 
56.13 (N+CH2) ; 61.47 (NCq) ; 62.13 (NCH) ; 73.58 (N+Cq) ; 74.52 (N+CH) ; 114.53 (N+CqC≡N) ; 121.50 
(NCqC≡N). IR (ATR, cm-1): 1253 (νS=O) ; 1227 (νS=O) ; 1014 (νS-O) ; 730. MS (ESI, pos. mode): 285.3 
(100, [C17H25N4]+). MS (ESI, neg. mode): 111.3 (95, [CH3O4S]-). MP: 211.0 °C. Elemental analysis 
(%): C18H28N4O4S calc: C, 54.52 ; H, 7.12 ; N, 14.13 ; exp: C, 53.78 ; H, 7.32 ; N, 13.95. White powder. 
Yield = 57%. 
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4.2.2.7. Synthesis of 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane methanesulfonates 
 
Method A: In a 10 ml vial, a 7-alkyl-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134 (1 equiv., 1.5 mmol) 
was dissolved in 5 ml of acetonitrile. Methyl methanesulfonate was added and the mixture was stirred 
under conditions specified in Table 19. After evaporation of the volatiles, the residue was stirred with 
10 ml of diethylether which was decanted after 15 minutes. Further evaporation yielded 7-alkyl-1-
cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane methanesulfonates 159. 
 
1-Cyano-7-methyl-7-octyl-7-azoniabicyclo[2.2.1]heptane methanesulfonate 159g 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.89 - 0.93 (3H, m, CH2CH3) ; 1.26 
- 1.48 (10H, m, 5x (CH2)oct) ; 1.72 - 1.87 (1H, m, N+CH2CHxHy) ; 1.92 - 
2.14 (3H, m, N+CH2CHxHy, 2x CHCHexoHendo) ; 2.25 - 2.45 (2H, m, 2x 
CHCHexoHendo) ; 2.47 - 2.59 (5H, m, 2x CqCHaHb, CH3SO3) ; 2.62 - 2.79 
(2H, m, 2x CqCHaHb) ; 3.28 (3H, s, N+CH3) ; 3.33 -  3.42 (1H, m, 
N+CHxHy) ; 3.55 (1H, ddd, J1= 12.5Hz, J2 =12.5Hz, J3 = 4.6Hz, 
N+CHxHy) ; 4.41 (1H, t, J = 4.7Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 14.43 (CH2CH3) ; 
23.67 ((CH2)oct) ; 25.15 ((CH2)oct) ; 27.36 ((CH2)oct) ; 27.50 (CHCH2) ; 27.73 (CHCH2) ; 30.23 ((CH2)oct) ; 
30.29 ((CH2)oct) ; 32.89 ((CH2)oct) ; 33.65 (CqCH2) ; 33.86 (CqCH2) ; 39.53 (CH3SO3) ;  41.51 (N+CH3) ; 
49.00 (CD3OD) ; 57.71 (N+CH2) ; 71.88 (N+CH) ; 73.24 (N+Cq) ; 114.53 (C≡N). IR (ATR, cm-1): 1188 
(νS=O) ; 1037 (νS-O) ; 761. MS (ESI, pos. mode): 249.3 (100, [C16H29N2]+). MS (ESI, neg. mode): 95,3 
(90, [CH3O3S]-) ; 443 (100). MP: 158 °C. White crystals. Yield = 49%. Recrystallization from 
methanol/ether. 
 
1-Cyano-7-hexyl-7-methyl-7-azoniabicyclo[2.2.1]heptane methanesulfonate 159e 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.89 - 0.93 (3H, t, J = 6.9Hz, 
CH2CH3) ; 1.35 - 1.49 (6H, m, 3x (CH2)hex) ; 1.73 - 1.88 (1H, m, 
N+CH2CHxHy) ; 1.93 - 2.14 (3H, m, N+CH2CHxHy, 2x CHCHexoHendo) ; 2.26 
- 2.46 (2H, m, 2x CHCHexoHendo) ; 2.50 - 2.80 (7H, m, 2x CqCHaHb, 2x 
CqCHaHb, CH3SO3) ; 3.28 (3H, s, N+CH3) ; 3.37 (1H, ddd, J1 = 12.7Hz, J2 
= 12.7Hz, J3 = 4.6 Hz, N+CHxHy) ; 3.56 (1H, ddd, J1 = 12.5Hz, J2 = 
12.5Hz, J3 = 4.6Hz, N+CHxHy) ; 4,41 (1H, t, J = 5.0Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 
14.27 (CH3) ; 23.47 ((CH2)hex) ; 25.04 ((CH2)hex) ; 27.12 ((CH2)hex) ; 27.35 (CHCH2) ; 27.72 (CHCH2) ; 
32.41 ((CH2)hex) ; 33.64 (CqCH2) ; 33.85 (CqCH2) ; 39.56 (CH3SO3) ; 41.55 (N+CH3) ; 49.00 (CD3OD) ; 
57.70 (N+CH2) ; 71.92 (N+CH) ; 73.18 (N+Cq) ; 114.61 (C≡N). IR (ATR, cm-1): 1187 (νS=O) ; 1038 (νS-O) 
; 737. MS (ESI, pos. mode): 221.3 (100, [C14H25N2]+). MS (ESI, neg. mode): 95.0 (90, [CH3O3S]-) ; 
155.0 (80) ; 339.3 (100) ; 411.3 (60). MP: 150 °C. White crystals. Yield = 72%. Recrystallization from 
methanol/ether. 
 
Method B: In a 10 ml vial, a 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane iodide 142 (1 
equiv., 1.25 mmol) was dissolved in 5 ml of acetonitrile. 2 equivalents of methyl methanesulfonate was 
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added and the mixture was left stirring at open air overnight. After evaporation of the volatiles, the 
residue was stirred with 10 ml of diethylether which was decanted after 15 minutes and this was 
repeated three times. Further evaporation yielded 7-alkyl-1-cyano-7-methyl-7-
azoniabicyclo[2.2.1]heptane methanesulfonates 159. 
 
1-Cyano-7-isobutyl-7-methyl-7-azoniabicyclo[2.2.1]heptane methanesulfonate 159i 
 1H-NMR (CD3OD, 300MHz, 25°C): δ 1.18 (3H, d, J = 6.6Hz, CHCH3) ; 
1.20 (3H, d, J = 7.2Hz, CHCH3) ; 2.05 - 2.19 (2H, m, 2x CHCHexoHendo) ; 
2.30 - 2.58 (5H, m, 2x CHCHexoHendo, 2x CqCHaHb, CH(CH3)2) ; 2.61 - 2.77 
(5H, m, 2x CqCHaHb, CH3SO3) ; 3.25 - 3.31 (4H, m, N+CH3, N+CHxHy) ; 
3.48 (1H, dd, J1 = 13.5Hz, J2 = 7.4Hz, N+CHxHy) ; 4.54 (1H, t, J = 4.4Hz, 
N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 21.80 (CHCH3) ; 22.70 (CHCH3) ; 26.43 (CH(CH3)2) ; 
27.94 (CHCH2) ; 27.97 (CHCH2) ; 33.28 (CqCH2) ; 33.51 (CqCH2) ; 39.56 (CH3SO3) ; 41.71 (N+CH3) ; 
49.04 (CD3OD) ; 64.26 (N+CH2) ; 72.40 (N+CH) ; 75.02 (N+Cq) ; 114.56 (C≡N). IR (ATR, cm-1): 1204 
(νS=O) ; 1185 (νS=O) ; 1040 (νS-O) ; 766. MS (ESI, pos. mode): 193.3 (100, [C12H21N2]+). MS (ESI, neg. 
mode): 95.3 (35, [CH3O3S]-) ; 381.5 (100). MP: 94.0 °C. White crystals. Yield = 78%. Recrystallization 
from methanol/ether. 
 
1-Cyano-7-methyl-7-((tetrahydrofuran-2-yl)methyl)-7-azoniabicyclo[2.2.1]heptane 
methanesulfonate 159u 
Stereoisomer 1: 60%, stereoisomer 2: 40%. 
 1H-NMR (CD3OD, 300MHz, 25°C): δ 1.60 - 1.75 (0.6H, m, 
OCH2CHxHy) ; 1.86 - 2.79 (14.4H, m, OCH2CHxHy, OCH2CHxHy, 
OCHCH2, 2x CHCHexoHendo, 2x CHCHexoHendo, 2x CqCHaHb, 2x 
CqCHaHb, CH3SO3) ; 3.34 (1.2H, m, N+CH3 (stereoisomer 2)) ; 3.43 - 
3.70 (3.8H, m, N+CH3 (stereoisomer 1), N+CH2) ; 3.77 - 4.02 (2H, m, OCH2) ; 4.36 - 4.44 (0.6H, m, 
OCH (stereoisomer 1)) ; 4.46 - 4.57 (1H, m, OCH (stereoisomer 2), N+CH (stereoisomer 1)) ; 4.71 
(0.4H, t, J = 4.4Hz, N+CH (stereoisomer 2)). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ Stereoisomer 1: 
25.86 (OCH2CH2) ; 27.48 (CHCH2) ; 28.14 (CHCH2) ; 31.57 (OCHCH2) ; 33.51 (CqCH2) ; 33.77 
(CqCH2) ; 39.54 (CH3SO3) ; 43.74 (N+CH3) ; 49.04 (CD3OD) ; 61.18 (N+CH2) ; 70.02 (OCH2) ; 72.29 
(N+CH) ; 74.19 (N+Cq) ; 74.33 (N+CH2CHO) ; 114.48 (C≡N). Stereoisomer 2: 26.20 (OCH2CH2) ; 
27.82 (2x CHCH2) ; 31.10 (OCHCH2) ; 33.21 (CqCH2) ; 33.65 (CqCH2) ; 39.54 (CH3SO3) ; 41.27 
(N+CH3) ; 49.04 (CD3OD) ; 60.95 (N+CH2) ; 70.25 (OCH2) ; 74.33 (N+CH2CHO) ; 74.40 (N+Cq) ; 74.48 
(N+CH) ; 114.57 (C≡N). IR (ATR, cm-1): 1177 (νS=O) ; 1039 (νS-O) ; 770. MS (ESI, pos. mode): 221.3 
(100, [C13H21N2O]+). MS (ESI, neg. mode): 95.3 (50, [CH3O3S]-) ; 409.3 (100). Yellow oil. Yield = 77%. 
 
1-Cyano-7-(2-(1-cyano-7-azabicyclo[2.2.1]heptan-7-yl)ethyl)-7-methyl-7-
azoniabicyclo[2.2.1]heptane methanesulfonate 159v 
 1H-NMR (CD3OD, 300MHz, 25°C): δ 1.49 - 1.63 (2H, m, 2x NCHCHexoHendo) ; 1.84 - 2.21 (8H, m, 2x 
NCHCHexoHendo, 2x NCqCHaHb, 2x NCqCHaHb, 2x N+CHCHexoHendo) ; 2.38 - 2.78 (9H, m, 2x 
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N+CHCHexoHendo, 2x N+CqCHaHb, 2x N+CqCHaHb, CH3SO3) ; 3.05 
(1H, dt, Jd = 14.9Hz, Jt = 5.1Hz, N+CH2CHxHyN) ; 3.15 - 3.26 (1H, m, 
N+CH2CHxHyN) ; 3.39 (3H, s, N+CH3) ; 3.58 (1H, dt, Jd = 13.8Hz, Jt = 
5.1Hz, N+CHxHy) ; 3.72 (1H, br s, NCH) ; 3.78 - 3.89 (1H, m, 
N+CHxHy) ; 4.72 (1H, t, J = 4.1Hz, N+CH). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ 27.82 (N+CHCH2) ; 27.91 (N+CHCH2) ; 28.44 
(NCHCH2) ; 29.28 (NCHCH2) ; 33.24 (N+CqCH2) ; 33.74 (N+CqCH2) ; 
34.46 (NCqCH2) ; 35.12 (NCqCH2) ; 39.53 (CH3SO3) ; 41.68 (N+CH2CH2N) ; 42.74 (N+CH3) ; 49.04 
(CD3OD) ; 56.17 (N+CH2)  ; 61.50 (NCq) ; 62.13 (NCH) ; 73.59 (N+CH)  ; 74.60 (N+Cq) ; 114.48 
(N+CqC≡N) ; 121.49 (NCqC≡N). IR (ATR, cm-1): 1203, 1194, 1184, 1171, 1039, 894, 885. MS (ESI, 
pos. mode): 285.3 (100, [C17H25N4]+). MP: 187.0 °C. White powder. Yield = 81%. Recrystallization 
from acetone. 
 
4.2.2.8. Synthesis of 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane p-toluenesulfonates 
 
Method A: In a 10 ml vial, a 7-alkyl-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134 (1 equiv., 1.5 mmol) 
was dissolved in 5 ml of acetonitrile. Methyl p-toluenesulfonate was added and the mixture was stirred 
under conditions specified in Table 20. After evaporation of the volatiles, the residue was stirred with 
10 ml of diethylether which was decanted after 15 minutes. Further evaporation yielded 7-alkyl-1-
cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane p-toluenesulfonates 160. 
 
1-Cyano-7-methyl-7-octyl-7-azoniabicyclo[2.2.1]heptane p-toluenesulfonate 160g 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.88 - 0.93 (3H, m, 
CH2CH3) ; 1.26 - 1.44 (10H, m, 5x (CH2)oct) ; 1.69 - 1.83 (1H, m, 
N+CH2CHxHy) ; 1.88 - 2.10 (3H, m, N+CH2CHxHy, 2x 
CHCHexoHendo) ; 2.22 - 2.42 (5H, m, 2x CHCHexoHendo, C4CH3) ; 
2.45 - 2.55 (2H, m, 2x CqCHaHb) ; 2.58 - 2.77 (2H, m, 2x 
CqCHaHb) ; 3.24 (3H, m, N+CH3) ; 3.29 - 3.39 (1H, m, N+CHxHy) 
; 3.52 (1H, ddd, J1 = 12.7Hz, J2 = 12.7Hz, J3 = 5.0Hz, N+CHxHy) ; 4.38 (1H, t, J = 4.7 Hz, N+CH) ; 7.24 
(2H, d, J = 8.3Hz, C3HAr en C5HAr) ; 7.70 (2H, d, J = 8.3Hz, C2HAr en C6HAr). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ 14.43 (CH3) ; 21.32 (C4CH3) ; 23.69 ((CH2)oct) ; 25.14 ((CH2)oct) ; 27.35 ((CH2)oct) ; 
27.49 (CHCH2) ; 27.72 (CHCH2) ; 30.24 ((CH2)oct) ; 30.28 ((CH2)oct) ; 32.89 ((CH2)oct) ; 33.64 (CqCH2) ; 
33.85 (CqCH2) ; 41.50 (N+CH3) ; 49.00 (CD3OD) ; 57.72 (N+CH2) ; 71.89 (N+CH) ; 73.20 (N+Cq) ; 
114.55 (C≡N) ; 126.94 (C2HAr en C6HAr) ; 129.86 (C3HAr en C5HAr) ; 141.66 (C4) ; 143.71 (C1). IR (ATR, 
cm-1): 1193 (νS=O) ; 1020 (νS-O) ; 1012 (νS-O) ; 679. MS (ESI, pos. mode): 249.3 (100, [C16H29N2]+). MS 
(ESI, neg. mode): 171.0 (100, [C7H7O3S]-).  MP: 156 °C. White crystals. Yield = 49%. 
Recrystallization from methanol/ether. 
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1-Cyano-7-hexyl-7-methyl-7-azoniabicyclo[2.2.1]heptane p-toluenesulfonate 160e 
 1H-NMR (CD3OD, 300MHz, 25°C): δ 0.88 - 0.93 (3H, m, 
CH2CH3) ; 1.26 - 1.44 (6H, m, 3x (CH2)hex) ; 1.69 - 1.83 (1H, m, 
N+CH2CHxHy) ; 1.88 - 2.10 (3H, m, N+CH2CHxHy, 2x 
CHCHexoHendo) ; 2.22 - 2.42 (5H, m, 2x CHCHexoHendo, C4CH3) ; 
2.45 - 2.55 (2H, m, 2x CqCHaHb) ; 2.58 - 2.77 (2H, m, 2x 
CqCHaHb) ; 3.24 (3H, m, N+CH3) ; 3.29 - 3.39 (1H, m, N+CHxHy) ; 
3.52 (1H, ddd, J1 = 12.7Hz, J2 = 12.7Hz, J3 = 5.0Hz, N+CHxHy) ; 4.38 (1H, t, J = 4.7Hz, N+CH) ; 7.24 
(2H, d, J = 8.3Hz, C3HAr en C5HAr) ; 7.70 (2H, d, J = 8.3Hz, C2HAr en C6HAr). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ 14.28 (CH3) ; 21.30 (C4CH3) ; 23.44 ((CH2)hex) ; 24.99 ((CH2)hex) ; 27.05 ((CH2)hex) ; 
27.28 (CHCH2) ; 27.65 (CHCH2) ; 32.37 ((CH2)hex) ; 33.56 (CqCH2) ; 33.79 (CqCH2) ; 41.48 (N+CH3) ; 
49.01 (CD3OD) ; 57.62 (N+CH2) ; 71.84 (N+CH) ; 73.06 (N+Cq) ; 114.54 (C≡N) ; 126.88 (C2HAr en 
C6HAr) ; 129.82 (C3HAr en C5HAr) ; 141.55 (C4) ; 143.80 (C1). IR (ATR, cm-1): 1190 (νS=O) ; 1120 (νS-O) ; 
679. MS (ESI, pos. mode): 221.3 (100, [C14H25N2]+). MS (ESI, neg. mode): 171.0 (100, [C7H7O3S]-). 
MP: 139 °C. White crystals. Yield = 53%. Recrystallization from acetone/ether. 
 
7-Butyl-1-Cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane p-toluenesulfonate 160d 
 1H-NMR (CD3OD, 300MHz, 25°C): δ 0.99 (3H, t, J = 7.2Hz, 
CH2CH3) ; 1.35 – 1.48 (2H, m, CH2CH2CH3) ; 1.65 - 1.79 (1H, 
m, N+CH2CHxHy) ; 1.83 - 2.06 (3H, m, N+CH2CHxHy, 2x 
CHCHexoHendo) ; 2.19 - 2.39 (5H, m, 2x CHCHexoHendo, C4CH3) ; 
2.42 - 2.74 (4H, m, 2x CqCHaHb, 2x CqCHaHb) ; 3.21 (3H, s, 
N+CH3) ; 3.30 (1H, ddd, J1 = 12.7Hz, J2 = 12.5Hz, J3 = 5.1Hz, N+CHxHy) ; 3.50 (1H, ddd, J1 = 12.4Hz, 
J2 = 12.4Hz, J3 = 5.0Hz, N+CHxHy) ; 4.34 (1H, t, J = 4.7Hz, N+CH) ; 7.24 (2H, d, J = 8.3Hz, C3HAr en 
C5HAr) ; 7.70 (2H, dd, J1 = 8.3Hz, J2 = 2.2Hz, C2HAr en C6HAr). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 
13.96 (CH3) ; 20.72 (CH2CH3) ; 21.31 (C4CH3) ; 26.93 (N+CH2CH2) ; 27.31 (CHCH2) ; 27.67 (CHCH2) ; 
33.57 (CqCH2) ; 33.80 (CqCH2) ; 41.54 (N+CH3) ; 49.01 (CD3OD) ; 57.47 (N+CH2) ; 71.90 (N+CH) ; 
73.10 (N+Cq) ; 114.59 (C≡N) ; 126.89 (C2HAr en C6HAr) ; 129.86 (C3HAr en C5HAr) ; 141.60 (C4) ; 143.89 
(C1). IR (ATR, cm-1): 1185 (νS=O) ; 1120 (νS-O) ; 680. MS (ESI, pos. mode): 193.3 (100, [C12H21N2]+). 
MS (ESI, neg. mode): 171.0 (100, [C7H7O3S]-) ; 535.3 (25). MP: 173 °C. White crystals. Yield = 54%. 
Recrystallization from acetone/ether. 
 
Method B: In a 10 ml vial, a 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane iodide 142 (1 
equiv., 1.25 mmol) was dissolved in 5 ml of acetonitrile. 2 equivalents of methyl p-toluenesulfonate 
sulfate was added and the mixture was left stirring at open air overnight. After evaporation of the 
volatiles, the residue was stirred with 10 ml of diethylether which was decanted after 15 minutes and 
this was repeated three times. Further evaporation yielded 7-alkyl-1-cyano-7-methyl-7-
azoniabicyclo[2.2.1]heptane p-toluenesulfonates 160. 
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1-Cyano-7-isobutyl-7-methyl-7-azoniabicyclo[2.2.1]heptane p-toluenesulfonate 160i 
 1H-NMR (CD3OD, 300MHz, 25°C): δ 1.16 (3H, d, J = 6.1Hz, 
CHCH3) ; 1.18 (3H, d, J = 6.6Hz, CHCH3) ; 2.01 - 2.18 (2H, m, 
2x CHCHexoHendo) ; 2.27 - 2.54 (8H, m, 2x CqCHaHb, 2x 
CHCHexoHendo, CH(CH3)2, C4CH3) ; 2.59 - 2.75 (2H, m, 2x 
CqCHaHb) ; 3.24 - 3.36 (4H, m, N+CH3, N+CHxHy) ; 3.46 (1H, dd, 
J1 = 13.5Hz, J2 = 7.4Hz, N+CHxHy) ; 4.51 (1H, t, J = 4.4Hz, N+CH) ; 7.23 (2H, d, J = 8.3Hz, C3HAr en 
C5HAr) ; 7.70 (2H, d, J = 8.3Hz, C2HAr en C6HAr). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 21.34 (C4CH3) ; 
21.79 (CHCH3) ; 22.69 (CHCH3) ; 26.44 (CH(CH3)2) ; 27.94 (CHCH2) ; 27.97 (CHCH2) ; 33.28 (CqCH2) 
; 33.51 (CqCH2) ; 41.67 (N+CH3) ; 49.04 (CD3OD) ; 64.26 (N+CH2) ; 72.39 (N+CH) ; 75.03 (N+Cq) ; 
114.53 (C≡N) ; 127.00 (C2HAr en C6HAr) ; 129.87 (C3HAr en C5HAr) ; 141.70 (C4) ; 143.69 (C1). IR (ATR, 
cm-1): 1214 (νS=O), 1183 (νS=O), 1116 (νS-O), 1010, 679. MS (ESI, pos. mode): 193.3 (100, 
[C12H21N2]+). MS (ESI, neg. mode): 170.8 (100, [C7H7O3S]-). MP: 130.0 °C. White crystals. Yield = 
74%. Recrystallization from acetone/ether. 
 
1-Cyano-7-isopentyl-7-methyl-7-azoniabicyclo[2.2.1]heptane p-toluenesulfonate 160j 
 1H-NMR (CD3OD, 300MHz, 25°C): δ 1.01 (6H, d, J = 6.1Hz, 
CH(CH3)2) ; 1.62 - 1.79 (2H, m, (CHCH2)i-pen) ; 1.82 - 1.94 (1H, 
m, CH(CH3)2) ; 2.00 - 2.15 (2H, m, 2x CHCHexoHendo) ; 2.20 - 
2.42 (5H, m, 2x CHCHexoHendo, C4CH3) ; 2.45 - 2.58 (2H, m, 2x 
CqHaHb) ; 2.60 - 2.82 (2H, m, 2x CqHaHb ) ; 3.25 (3H, s, N+CH3) 
; 3.34 - 3.43 (1H, m, N+CHxHy) ; 3.47 - 3.59 (1H, m, N+CHxHy) ; 
4.39 (1H, t, J = 4.7Hz, N+CH) ; 7.24 (2H, d, J = 8.1Hz, C3HAr en C5HAr) ; 7.70 (2H, d, J = 8.1Hz, C2HAr 
en C6HAr). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 21.34 (C4CH3) ; 22.57 (CHCH3) ; 22.73 (CHCH3) ; 
27.35 (CH(CH3)2) ; 27.56 (CHCH2) ; 27.77 (CHCH2) ; 33.39 ((CHCH2)i-pen) ; 33.64 (CqCH2) ; 33.96 
(CqCH2) ; 41.51 (N+CH3) ; 49.04 (CD3OD) ; 56.75 (N+CH2) ; 71.87 (N+CH) ; 73.38 (N+Cq) ; 114.56 
(C≡N) ; 127.00 (C2HAr en C6HAr) ; 129.87 (C3HAr en C5HAr) ; 141.70 (C4) ; 143.72 (C1). IR (ATR, cm-1): 
1260 (νS=O), 1242 (νS=O), 1224, 1146 (νS-O), 1030, 636. MS (ESI, pos. mode): 207.3 (100, [C13H23N2]+). 
MS (ESI, neg. mode): 170.8 (100, [C7H7O3S]-). MP: 159.0 °C. White powder. Yield = 76%. 
Recrystallization from acetone/ether. 
 
1-Cyano-7-methyl-7-((tetrahydrofuran-2-yl)methyl)-7-azoniabicyclo[2.2.1]heptane  
p-toluenesulfonate 160u 
 1H-NMR (CD3OD, 300MHz, 25°C): δ 1.59 - 1.71 (1H, m, 
OCH2CHxHy) ; 1.87 - 2.78 (14H, m, OCH2CHxHy, OCHCH2, 
2x CHCHexoHendo, 2x CHCHexoHendo, 2x CqCHaHb ,2x 
CqCHaHb, C4CH3) ; 3.42 (3H, s, N+CH3) ; 3.50 (1H, d, J = 
13.5Hz, N+CHxHy) ; 3.77 (1H, d, J = 13.5Hz, N+CHxHy) ; 3.83 
- 3.90 (1H, m, OCHxHy) ; 3.94 - 4.01 (1H, m, OCHxHy) ; 4.34 
- 4.42 (1H, m, OCH) ; 4.51 (1H, t, J = 4.4Hz, N+CH) ; 7.23 (2H, d, J = 8.3Hz, C3HAr en C5HAr) ; 7.70 
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(2H, d, J = 8.3Hz, C2HAr en C6HAr). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 21.35 (C4CH3) ; 25.88 
(OCH2CH2) ; 27.50 (CHCH2) ; 28.15 (CHCH2) ; 31.59 (OCHCH2) ; 33.53 (CqCH2) ; 33.77 (CqCH2) ; 
43.76 (N+CH3) ; 49.04 (CD3OD) ; 61.18 (N+CH2) ; 70.07 (OCH2) ; 72.26 (N+CH) ; 74.20 (N+Cq) ; 75.29 
(N+CH2CHO) ; 114.47 (C≡N) ; 127.00 (C2HAr en C6HAr) ; 129.87 (C3HAr en C5HAr) ; 141.70 (C4) ; 143.69 
(C1). IR (ATR, cm-1): 1260 (νS=O), 1242 (νS=O), 1224, 1150 (νS-O), 1030, 636. MS (ESI, pos. mode): 
221.3 (100, [C13H21N2O]+). MS (ESI, neg. mode): 170.8 (100, [C7H7O3S]-). MP: 173.0 °C. White 
crystals. Yield = 73%. Recrystallization from acetone. 
 
1-Cyano-7-(2-(1-cyano-7-azabicyclo[2.2.1]heptan-7-yl)ethyl)-7-methyl-7-
azoniabicyclo[2.2.1]heptane p-toluenesulfonate 160v 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.46 - 1.60 (2H, m, 2x 
NCHCHexoHendo) ; 1.80 - 2.17 (8H, m, 2x NCHCHexoHendo, 2x 
NCqCHaHb, 2x NCqCHaHb, 2x N+CHCHexoHendo) ; 2.33 - 2.75 (9H, m, 
C4CH3, 2x N+CHCHexoHendo, 2x N+CqCHaHb, 2x N+CqCHaHb) ; 2.99 - 
3.07 (1H, m, N+CH2CHxHyN) ; 3.12 - 3.25 (1H, m, N+CH2CHxHyN) ; 
3.36 (3H, s, N+CH3) ; 3.52 - 3.60 (1H, m, N+CHxHy) ; 3.68 (1H, br s, 
NCH) ; 3.74 - 3.86 (1H, m, N+CHxHy) ; 4.68 (1H, t, J = 4.1Hz, 
N+CH) ; 7.24 (2H, d, J = 8.1Hz, C3HAr en C5HAr) ; 7.71 (2H, d, J = 8.1Hz, C2HAr en C6HAr). 13C-NMR 
(CD3OD, 75.4MHz, 25°C): δ 21.34 (C4CH3) ; 27.79 (N+CHCH2) ; 27.88 (N+CHCH2) ; 28.41 (NCHCH2) ; 
29.22 (NCHCH2) ; 33.22 (N+CqCH2) ; 33.70 (N+CqCH2) ; 34.44 (NCqCH2) ; 35.04 (NCqCH2) ; 41.67 
(N+CH2CH2N) ; 42.69 (N+CH3) ; 49.03 (CD3OD) ; 56.08 (N+CH2CH2N)  ; 61.50 (NCq) ; 62.14 (NCH) ; 
73.55 (N+CH)  ; 74.54 (N+Cq) ; 114.48 (N+CqC≡N) ; 121.43 (NCqC≡N) ; 126.97 (C2HAr en C6HAr) ; 
129.90 (C3HAr en C5HAr) ; 141.70 (C4) ; 143.72 (C1). IR (ATR, cm-1): 1260 (νS=O), 1242 (νS=O), 1224, 
1150 (νS-O), 1030, 636. MS (ESI, pos. mode): 285.3 (100, [C17H25N4]+). MS (ESI, neg. mode): 170.8 
(100, [C7H7O3S]-). MP: 163.0 °C. White crystals. Yield = 79%. Recrystallization from acetone. 
 
4.2.2.9. Synthesis of 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane 
trifluoromethanesulfonates 
 
In a 10 ml vial, a 7-alkyl-1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptane iodide 142 (1 equiv., 1.25 
mmol) was dissolved in 5 ml of acetonitrile. 1.05 equivalents of methyl trifluoromethanesulfonate was 
added and the mixture was left stirring at open air for an 1 to 5 minutes. After evaporation of the 
volatiles, the residue was stirred with 10 ml of diethylether which was decanted after 15 minutes and 
this was repeated three times. Further evaporation yielded 7-alkyl-1-cyano-7-methyl-7-
azoniabicyclo[2.2.1]heptane trifluoromethanesulfonates 161. 
 
1-Cyano-7-heptyl-7-methyl-7-azoniabicyclo[2.2.1]heptane trifluoromethanesulfonate 161f 
1H-NMR (CD3OD, 300MHz, 25°C): δ 0.91 (3H, t, J = 6.4Hz, CH2CH3) ; 1.27 - 1.50 (8H, m, 4x (CH2)hept) 
; 1.71 - 1.85 (1H, m, N+CH2CHxHy) ; 1.90 - 2.14 (3H, m, 2x CHCHexoHendo, N+CH2CHxHy) ; 2.23 - 2.44 
(2H, m, 2x CHCHexoHendo) ; 2.47 - 2.58 (2H, m, 2x CqCHaHb) ;  2.61 - 2.79 (2H, m, 2x CqCHaHb) ; 3.26 - 
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3.40 (4H, m, N+CH3, N+CHxHy) ; 3.56 (1H, ddd, J1 = 12.4Hz, J2 = 
12.4Hz, J3 = 4.4Hz, N+CHxHy) ; 4.40 (1H, t, J = 4.4Hz, N+CH). 13C-NMR 
(CD3OD, 75.4MHz, 25°C): δ 14.41 (CH3) ; 23.60 ((CH2)hept) ; 25.16 
(N+CH2CH2) ; 27.36 ((CH2)hept) ; 27.44 (CHCH2) ; 27.74 (CHCH2) ; 
29.99 ((CH2)hept) ; 32.77 ((CH2)hept) ; 33.68 (CqCH2) ; 33.88 (CqCH2) ; 
41.54 (N+CH3) ; 49.06 (CD3OD) ; 57.77 (N+CH2) ; 71.90 (N+CH) ; 73.26 
(N+Cq) ; 114.56 (C≡N) ; 121.85 (q, J = 318.8Hz, CF3). 19F-NMR (CD3OD, 282MHz, 25°C): δ -78.32 
(CF3). IR (ATR, cm-1): 1260 (νS=O), 1242 (νS=O), 1224, 1146 (νCF3), 1030 (νS-O), 636. MS (ESI, pos. 
mode): 235.3 (100, [C15H27N2]+). MS (ESI, neg. mode): 148.8 (95, [CF3O3S]-). MP: 115.0 °C. White 
powder. Yield = 84%. 
 
1-Cyano-7,7-dimethyl-7-azoniabicyclo[2.2.1]heptane trifluoromethanesulfonate 161b 
1H-NMR (CD3OD, TMS, 300MHz, 25°C): δ 2.00 - 2.16 (2H, m, 2x 
CHCHexoHendo) ; 2.36 - 2.71 (6H, m, 2x CHCHexoHendo, 2x CqCHaHb, 2x 
CqCHaHb) ; 3.31 (6H, s, 2x N+CH3) ; 4.36 (1H, t, J = 4.7Hz, N+CH). 13C-
NMR (CD3OD, TMS, 75.4MHz, 25°C): δ 27.74 (2x CHCH2) ; 33.47 (2x 
CqCH2) ; 44.90 (2x N+CH3) ; 49.04 (CD3OD) ; 72.78 (N+Cq) ; 75.12 (N+CH) 
; 114.31 (C≡N) ; 121.81 (q, J = 318.8Hz, CF3). 19F-NMR (CD3OD, 282MHz, 25°C): δ -78.34 (CF3). IR 
(ATR, cm-1): 1344 (νS=O), 1326 (νS=O), 1190 (νCF3), 1134 (νCF3), 1051 (νS-O). MS (ESI, pos. mode): 
151.3 (100, [C9H15N2]+). MS (ESI, neg. mode): 148.8 (95, [CF3O3S]-). MP: 232.0 °C. Pale yellow 
crystals. Yield = 72%. 
 
1-Cyano-7-isobutyl-7-methyl-7-azoniabicyclo[2.2.1]heptane trifluoromethanesulfonate 161i 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.23 (3H, d, J = 6.6Hz, CHCH3) ; 
1.25 (3H, d, J = 7.2Hz, CHCH3) ; 2.12 - 2.21 (2H, m, 2x CHCHexoHendo) ; 
2.38 - 2.61 (5H, m, 2x CqCHaHb, 2x CHCHexoHendo, CH(CH3)2) ; 2.66 - 
2.83 (2H, m, 2x CqCHaHb) ; 3.30 - 3.35 (4H, m, N+CH3, N+CHxHy) ; 3.54 
(1H, dd, J1 = 13.2Hz, J2 = 7.7Hz, N+CHxHy) ; 4.59 (1H, t, J = 4.4Hz, 
N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 21.79 (CHCH3) ; 22.69 (CHCH3) ; 26.41 (CH(CH3)2) ; 
27.93 (CHCH2) ; 27.96 (CHCH2) ; 33.27 (CqCH2) ; 33.50 (CqCH2) ; 41.71 (N+CH3) ; 49.06 (CD3OD) ; 
64.28 (N+CH2) ; 72.40 (N+CH) ; 75.00 (N+Cq) ; 114.54 (C≡N) ; 121.85 (q, J = 318.4Hz, CF3). 19F-NMR 
(CD3OD, 282MHz, 25°C): δ -78.32 (CF3). IR (ATR, cm-1): 1260 (νS=O), 1224, 1152 (νCF3), 1030 (νS-O), 
636. MS (ESI, pos. mode): 193.3 (100, [C12H21N2]+). MS (ESI, neg. mode): 148.8 (95, [CF3O3S]-). 
MP: 74.0 °C. Elemental analysis (%):C11H15F6N2O4S2 calc: C, 30.63 ; H, 3.50; N, 9.74 ; exp: C, 30.54 
; H, 3.17 ; N, 9.55. White powder. Yield = 94%. 
 
1-Cyano-7-isopentyl-7-methyl-7-azoniabicyclo[2.2.1]heptane trifluoromethanesulfonate 161j 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.02 (6H, d, J = 6.1Hz, CH(CH3)2) ; 1.63 - 1.79 (2H, m, (CHCH2)i-
pen) ; 1.81 - 1.96 (1H, m, CH(CH3)2) ; 2.03 - 2.16 (2H, m, 2x CHCHexoHendo) ; 2.20 - 2.42 (2H, m, 2x 
CHCHexoHendo) ; 2.49 - 2.59 (2H, m, 2x CqHaHb) ; 2.62 - 2.83 (2H, m, 2x CqHaHb ) ; 3.27 (3H, s, N+CH3) 
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; 3.38 (1H, ddd, J1 = 12.3Hz, J2 = 12.2Hz, J3 = 4.6Hz, N+CHxHy) ; 3.55 
(1H, ddd, J1 = 12.5Hz, J2 = 12.5Hz, J3 = 3.5Hz, N+CHxHy)  ; 4.42 (1H, t, 
J = 4.8Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 22.54 
(CHCH3) ; 22.70 (CHCH3) ; 27.28 (CH(CH3)2) ; 27.48 (CHCH2) ; 27.73 
(CHCH2) ; 33.33 ((CHCH2)i-pen) ; 33.59 (CqCH2) ; 33.93 (CqCH2) ; 41.51 
(N+CH3) ; 49.04 (CD3OD) ; 56.72 (N+CH2) ; 71.84 (N+CH) ; 73.32 (N+Cq) 
; 114.53 (C≡N) ; 121.82 (q, J = 318.8Hz, CF3). 19F-NMR (CD3OD, 282MHz, 25°C): δ -78.33 (CF3). IR 
(ATR, cm-1): 1260 (νS=O), 1242 (νS=O), 1224, 1151 (νCF3), 1029 (νS-O), 636. MS (ESI, pos. mode): 
207.3 (100, [C13H23N2]+). MS (ESI, neg. mode): 148.8 (95, [CF3O3S]-). MP: 112.0 °C. White powder. 
Yield = 96%. 
 
1-Cyano-7-methyl-7-((tetrahydrofuran-2-yl)methyl)-7-azoniabicyclo[2.2.1]heptane 
trifluoromethanesulfonate 161u 
Stereoisomer 1: 60%, stereoisomer 2: 40%. 
 1H-NMR (CD3OD, 300MHz, 25°C): δ 1.59 - 1.75 (1H, m, 
OCH2CHxHy) ; 1.85 - 2.79 (11H, m, OCH2CHxHy, OCHCH2, 2x 
CHCHexoHendo, 2x CHCHexoHendo, 2x CqCHaHb ,2x CqCHaHb) ; 3.33 
(1.2H, m, N+CH3 (stereoisomer 2)) ; 3.42 - 3.69 (3.8H, m, N+CH3 
(stereoisomer 1), N+CH2) ; 3.75 - 4.01 (2H, m, OCH2) ; 4.35 - 4.42 (0.6H, m, OCH (stereoisomer 1)) ; 
4.46 - 4.53 (1H, m, OCH (stereoisomer 2), N+CH (stereoisomer 1)) ; 4.70 (0.4H, t, J = 4.4Hz, N+CH 
(stereoisomer 2)). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ Stereoisomer 1: 25.83 (OCH2CH2) ; 27.47 
(CHCH2) ; 28.14 (CHCH2) ; 31.56 (OCHCH2) ; 33.50 (CqCH2) ; 33.77 (CqCH2) ; 43.74 (N+CH3) ; 49.06 
(CD3OD) ; 61.19 (N+CH2) ; 70.02 (OCH2) ; 72.31 (N+CH) ; 74.17 (N+Cq) ; 75.26 (N+CH2CHO) ; 114.47 
(C≡N) ; 121.85 (q, J = 318.4Hz, CF3). Stereoisomer 2: 26.18 (OCH2CH2) ; 27.82 (2x CHCH2) ; 31.07 
(OCHCH2) ; 33.21 (CqCH2) ; 33.64 (CqCH2) ; 41.25 (N+CH3) ; 49.06 (CD3OD) ; 60.95 (N+CH2) ; 70.25 
(OCH2) ; 74.29 (N+CH2CHO) ; 74.39 (N+Cq) ; 74.48 (N+CH) ; 114.56 (C≡N) ; 121.85 (q, J = 318.4Hz, 
CF3). 19F-NMR (CD3OD, 282MHz, 25°C): δ -78.34 (CF3). IR (ATR, cm-1): 1259 (νS=O), 1224, 1152 
(νCF3), 1029 (νS-O), 635. MS (ESI, pos. mode): 221.3 (100, [C13H21N2O]+). MS (ESI, neg. mode): 
148.8 (100, [CF3O3S]-). MP: 133.0 °C. White powder. Yield = 94%. 
 
1-Cyano-7-(2-(1-cyano-7-azabicyclo[2.2.1]heptan-7-yl)ethyl)-7-methyl-7-
azoniabicyclo[2.2.1]heptane trifluoromethanesulfonate 161v 
 1H-NMR (CD3OD, 300MHz, 25°C): δ 1.49 - 1.64 (2H, m, 2x 
NCHCHexoHendo) ; 1.81 - 2.21 (8H, m, 2x NCHCHexoHendo, 2x 
NCqCHaHb, 2x NCqCHaHb, 2x N+CHCHexoHendo) ; 2.37 - 2.76 (6H, m, 
2x N+CHCHexoHendo, 2x N+CqCHaHb, 2x N+CqCHaHb) ; 3.05 (1H, dt, 
Jd = 14.9Hz, Jt = 5.2Hz, N+CH2CHxHyN) ; 3.17 - 3.27 (1H, m, 
N+CH2CHxHyN) ; 3.38 (3H, s, N+CH3) ; 3.58 (1H, dt, Jd = 13.8Hz, Jt 
= 4.7Hz, N+CHxHy) ; 3.67 - 3.74 (1H, m, NCH) ; 3.76 - 3.88 (1H, m, 
N+CHxHy) ; 4.70 (1H, t, J = 4.1Hz, N+CH). 13C-NMR (CD3OD, 75.4MHz, 25°C): δ 27.80 (N+CHCH2) ; 
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27.89 (N+CHCH2) ; 28.40 (NCHCH2) ; 29.25 (NCHCH2) ; 33.22 (N+CqCH2) ; 33.73 (N+CqCH2) ; 34.43 
(NCqCH2) ; 35.09 (NCqCH2) ; 41.64 (N+CH2CH2N) ; 42.70 (N+CH3) ; 49.04 (CD3OD) ; 56.08 (N+CH2)  ; 
61.58 (NCq) ; 62.20 (NCH) ; 73.59 (N+CH)  ; 74.62 (N+Cq) ; 114.48 (N+CqC≡N) ; 121.41 (NCqC≡N) ; 
121.84 (q, J = 326.9Hz, CF3). 19F-NMR (CD3OD, 282MHz, 25°C): δ -78.35 (CF3). IR (ATR, cm-1): 1259 
(νS=O), 1224, 1152 (νCF3), 1029 (νS-O), 635. MS (ESI, pos. mode): 285.3 (100, [C17H25N4]+). MS (ESI, 
neg. mode): 148.8 (100, [CF3O3S]-). MP: 178.0 °C. White powder. Yield = 62%. Recrystallization from 
acetone/ether. 
 
4.2.2.10. Synthesis of 4-(1-cyano-7-methyl-7-azoniabicyclo[2.2.1]heptan-7-yl)butane-1-
sulfonate 
 
In a 10 ml flask, a 7-methyl-7-azabicyclo[2.2.1]heptane-1-carbonitrile 134b (664.5 mg, 4.88 mmol) was 
dissolved in 8 ml of 1,2-dichloroethane and 1,4-butane sultone (3 equiv. (in two protions of 1.5 equiv.), 
996.6 mg, 7.32 mmol) was added. The mixture was brought to reflux and stirred 60 hours. After 
evaporation of the volatiles, the residue was stirred with 10 ml of diethylether which was decanted 
after 10 minutes and this was repeated three times. Further evaporation yielded 4-(1-cyano-7-methyl-
7-azoniabicyclo[2.2.1]heptan-7-yl)butane-1-sulfonate 162b. 
 
1H-NMR (CD3OD, 300MHz, 25°C): δ 1.90 (2H, quintet, J = 7.0Hz, 
CH2CH2CH2SO3) ; 1.88 - 2.25 (4H, m, N+CH2CH2, 2x CHCHexoHendo) ; 2.31 - 
2.59 (4H, m, 2x CHCHexoHendo, 2x CqCHaHb) ; 2.61 - 2.84 (2H, m, 2x 
CqCHaHb) ; 2.91 (2H, t, J = 6.9Hz, CH2CH2SO3) ; 3.29 (3H, s, N+CH3) ; 3.44 
(1H, ddd, J1 = 12.3Hz, J2 = 12.2Hz , J3 = 4.7Hz, N+CHxHy) ; 3.64 (1H, ddd, J1 
= 12.5Hz, J2 = 12.5Hz , J3 = 4.0Hz, N+CHxHy) ; 4.41 (1H, t, J = 4.4Hz, N+CH). 13C-NMR (CD3OD, 
75.4MHz, 25°C): δ 23.05 (CH2CH2SO3) ; 23.68 (N+CH2CH2) ; 27.42 (CHCH2) ; 27.71 (CHCH2) ; 33.70 
(CqCH2) ; 33.90 (CqCH2) ; 41.62 (N+CH3) ; 49.04 (CD3OD) ; 51.13 (CH2CH2SO3) ; 57.27 (N+CH2) ; 
71.94 (N+CH) ; 73.45 (N+Cq) ; 114.57 (C≡N). IR (ATR, cm-1): 1260 (νS=O), 1242 (νS=O), 1224, 1151, 
1030 (νS-O), 636.  MS (ESI, pos. mode): 273.3 (100, [M+H]+) ; 545.3 (45, [2M+H]]+). Elemental 
analysis (%): C12H20N2O3S calc: C, 52.92 ; H, 7.40; N, 10.29 ; exp: C, 52.43 ; H, 7.55 ; N, 9.89. Gray 
powder. Yield = 67%. Recrystallization from acetone. 
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4.2.3. Synthesis of 7-azabicycloheptanes via Diels-Alder reactions 
 
4.2.3.1. Synthesis of 2,5-dimethylpyrroles 
 
The appropriate sulfonamide or carbamate (100 mmol) and P2O5 (1 equiv., 14.19 g, 100 mmol) was 
dissolved in 200 ml of dry toluene. The mixture was brought to reflux and 2,2,5,5-tetraethoxyhexane 
(1.2 equiv., 34.19 g, 120 mmol) 181 was slowly added. After 30 minutes of stirring at reflux, the 
mixture was cooled to room temperature and 60 ml of 2N NaOH was carefully added. The resulting 
two phasic system was extracted with EtOAc (3x 150 ml) and the organic phase washed with NaCl(sat.) 
three times and dried with MgSO4. After filtration and evaporation of the volatiles, column 
chromatography was performed to obtain the target 2,5-dimethylpyrroles 177. 
 
2,5-dimethyl-1-(N’,N’-dimethylaminosulfonyl)-1H-pyrrole 177i 
1H-NMR (CDCl3, 300MHz, 25°C): δ 2.37 (6H, s, 2x CH3) ; 2.78 (6H, s, 2x NCH3) ; 5.81 
(2H, s, 2x CH=CH). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 15.51 (2x CH3) ; 37.59 (2x 
NCH3) ; 77.23 (CDCl3) ; 110.66 (2x CH=CH) ; 132.16 (2x Cq). IR (ATR, cm-1): 1376 
(νS=O), 1355 (νS=O), 1169 (νS-N) ; 1107 ; 958 ; 717. MS (ESI, pos. mode): 203.3 (100, 
[M+H]+). HRMS: [C8H15N2O2S]+ calc m/z 203.0849 ; exp m/z 203.0854. Yellow oil. 
Yield = 92%. Rf = 0.42 (PE/EtOAc 8/1). 
 
1-[(2-bromophenyl)sulfonyl]-2,5-dimethyl-1H-pyrrole 177e 
1H-NMR (CDCl3, 300MHz, 25°C): δ 2.29 (6H, s, 2x CH3) ; 5.91 (2H, s, 2x CH=CH) ; 
6.76 (1H, d, J = 7.4Hz, C3’H) ; 7.36 - 7.44 (2H, m, C5’H, C4’H) ; 7.92 (1H, d, J = 
7.8Hz, C6’H). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 15.60 (2x CH3) ; 77.01 (CDCl3) ; 
111.29 (2x CH=CH) ; 119.98 (C2’) ; 127.76 (C5’) ; 129.12 (C3’) ; 133.52 (2x Cq) ; 
134.10 (C4’) ; 135.75 (C6’) ; 140.51 (C1’). IR (ATR, cm-1): 1356 ; 1213 ; 1176 ; 1167 ; 
1135 ; 1119 ; 795 ; 766 ; 740 ; 658 ; 635. MS (ESI, pos. mode): [314.0 (100), 316.0 
(90)] (Br-isotopes, [M+H]+). HRMS: (Br-isotopes, [C12H18BrN2O4S+)  calc m/z 
313.9850 and 315.9830 ; exp m/z 313.9847 and 315.9828. MP: 100.0 °C. Yellow chunks. Yield = 
78%. Rf = 0.57 (PE/EtOAc 4/1). 
 
2,5-dimethyl-1-[(2-nitrophenyl)sulfonyl]-1H-pyrrole 177g 
1H-NMR (CDCl3, 300MHz, 25°C): δ 2.25 (6H, s, 2x CH3) ; 5.96 (2H, s, 2x 
CH=CH) ; 6.76 (1H, d, J = 7.4Hz, C6’H) ; 7.63 (1H, dd, J1 = 7.4Hz, J2 = 7.3Hz, 
C5’H) ; 7.76 (1H, t, J1 = 7.8Hz, J2 = 7.3Hz, C4’H) ; 7.92 (1H, d, J = 7.8Hz, C3’H).  
13C-NMR (CDCl3, 75.4MHz, 25°C): δ 15.50 (2x CH3) ; 77.07 (CDCl3) ; 112.21 (2x 
CH=CH) ; 125.38 (C3’) ; 127.69 (C6’) ; 133.23 (C5’) ; 133.70 (2x Cq) ; 134.13 (C4’) ; 
134.74 (C1’) ; 147.40 (C2’). IR (ATR, cm-1): 1538 ; 1370 ; 1356 ; 1179 ; 1134 ; 784 
; 735. MS (ESI, pos. mode): 281.3 (100, [M+H]+). HRMS: [C12H13N2O4S]+ calc 
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m/z 281.0591 ; exp m/z 281.0593. MP: 138.0 °C. Golden powder. Yield = 75%. Rf = 0.36 (PE/EtOAc 
2/1). 
 
4.2.3.2. Synthesis of 1,4-dimethyl-7-azabicyclo[2.2.1]hepta-2,5-dienes via Diels-Alder reaction with 
pyrroles 
 
A solution of the appropriate alkyne (10 mmol) and 2,5-dimethylpyrrole 177 (50 mmol) in dry toluene in 
a dry 250 ml flask was stirred for the amount of time indicated in Table 28. After reaction, the mixture 
was evaporated and column chromatography provided the target 1,4-dimethyl-7-
azabicyclo[2.2.1]hepta-2,5-dienes 184. 
 
Methyl 3-bromo-1,4-dimethyl-7-(methylsulfonyl)-7-azabicyclo[2.2.1]hepta-2,5-diene-2-
carboxylate 184d 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.86 (3H, s, CH3) ; 2.01 (3H, s, CH3) ; 2.71 
(3H, s, CH3SO2) ; 3.82 (3H, s, COOCH3) ; 6.85 (1H, d, J = 5.5Hz, CH=CH) ; 6.94 
(1H, d, J = 5.5Hz, CH=CH). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 15.73 (CH3) ; 
15.91 (CH3) ; 41.65 (CH3SO2) ; 51.97 (COOCH3) ; 77.06 (CDCl3) ; 79.33 (Cq) ; 
79.78 (Cq) ; 145.66 (Cq) ; 147.05 (CH=CH) ; 149.03 (CH=CH) ; 152.06 (Cq) ; 
163.29 (COOCH3). IR (ATR, cm-1): 1706 (νC=O), 1338 (νS=O), 1322 (νS=O), 1148 
(νS-N). MS (ESI, pos. mode): [353.0 (90), 355.0 (100)] (Br-isotopes, [M+NH4]+). 
HRMS: (Br-isotopes, [C11H14BrNO4S + NH4]+) calc m/z 353.0171 and 355.0150 ; exp m/z 353.0170 
and 355.0150. MP: 111.9 - 112.3 °C. White crystals. Yield = 79%. Rf = 0.33 (PE/EtOAc 4/1). 
 
Dimethyl 1,4-dimethyl-7-(methylsulfonyl)-7-azabicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate 
184e 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.94 (6H, s, 2x CH3) ; 2.78 (3H, s, 
CH3SO2) ; 3.80 (6H, s, 2x COOCH3) ; 6.96 (2H, s, 2x CH=CH). 13C-NMR 
(CDCl3, 75.4MHz, 25°C): δ 14.86 (2x CH3) ; 41.30 (CH3SO2) ; 52.52 (2x 
COOCH3) ; 77.07 (CDCl3) ; 78.14 (2x Cq) ; 149.00 (2x CH=CH) ; 154.12 (2x 
Cq) ; 163.89 (2x COOCH3). IR (ATR, cm-1): 1730 (νC=O), 1709 (νC=O), 1330 
(νS=O), 1295 (νS=O), 1146 (νS-N). MS (ESI, pos. mode): 333.3 (100, [M+NH4]+). 
MP: 106.5 - 106.9 °C. HRMS: [C13H17NO6S + NH4]+ calc m/z 333.1120 ; exp 
m/z 333.1124. White crystals. Yield = 71%. Rf = 0.19 (PE/EtOAc 2/1). 
 
Diethyl 1,4-dimethyl-7-(methylsulfonyl)-7-azabicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate 
184f 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.31 (6H, t, J = 7.1Hz, 2x COOCH2CH3) ; 1.94 (6H, s, 2x CH3) ; 
2.78 (3H, s, CH3SO2) ; 4.27 (4H, q, J = 7.1Hz, 2x COOCH2CH3) ; 6.95 (2H, s, 2x CH=CH). 13C-NMR 
(CDCl3, 75.4MHz, 25°C): δ 14.09 (2x CH3) ; 14.84 (2x COOCH2CH3) ; 41.13 (CH3SO2) ; 61.65 (2x 
COOCH2CH3) ; 77.06 (CDCl3) ; 78.08 (2x Cq) ; 148.99 (2x CH=CH) ; 153.83 (2x Cq) ; 163.49 (2x 
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COOCH2). IR (ATR, cm-1): 1730 (νC=O), 1702 (νC=O), 1331 (νS=O), 1249 (νS=O), 
1153 (νS-N). MS (ESI, pos. mode): 361.0 (100, [M+NH4]+). MP: 76.2 - 76.7 °C. 
HRMS: [C15H21NO6S + NH4]+  calc m/z 361.1428 ; exp m/z 361.1437. White 
crystals. Yield = 49%. Rf = 0.14 (PE/EtOAc 4/1). 
 
 
 
 
Methyl 3-bromo-1,4-dimethyl-7-(N’,N’-dimethylaminosulfonyl)-7-azabicyclo[2.2.1]hepta-2,5-
diene-2-carboxylate 184n 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.83 (3H, s, CH3) ; 1.99 (3H, s, CH3) ; 2.77 
(6H, s, 2x NCH3) ; 3.80 (3H, s, COOCH3) ; 6.75 (1H, d, J = 5.0Hz, CH=CH) ; 
6.85 (1H, d, J = 5.0Hz, CH=CH). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 15.92 
(CH3) ; 16.35 (CH3) ; 37.41 (2x NCH3) ; 51.68 (COOCH3) ; 77.04 (CDCl3) ; 79.84 
(Cq) ; 80.31 (Cq) ; 145.51 (Cq) ; 146.56 (CH=CH) ; 148.85 (CH=CH) ; 152.06 
(Cq) ; 163.61 (COOCH3). IR (ATR, cm-1): 1693 (νC=O), 1323 (νS=O), 1298 (νS=O), 
1269 ; 1142 (νS-N) ; 1113 ; 1055 ; 965 ; 726 ; 620. MS (ESI, pos. mode): [365.0 
(90), 367.0 (100)] (Br-isotopes, [M+H]+). HRMS: (Br-isotopes, [C12H18BrN2O4S]+) calc m/z 365.0171 
and 367.0150 ; exp m/z 365.0178 and 367.0159. MP: 96.0 °C. Pale yellow oil. Yield = 52%. Rf = 0.19 
(PE/EtOAc 6/1). 
 
Methyl 3-bromo-1,4-dimethyl-7-(diethoxyphosphoryl)-7-azabicyclo[2.2.1]hepta-2,5-diene-2-
carboxylate 184o 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.27 (3H, t, J = 6.6Hz, CH3CH2OP) ; 1.28 
(3H, t, J = 6.6Hz, CH3CH2OP) ; 1.80 (3H, s, CH3) ; 1.96 (3H, s, CH3) ; 3.79 (3H, 
s, COOCH3) ; 3.90 - 4.08 (4H, m, 2x CH3CH2OP) ; 6.76 (1H, d, J = 4.4Hz, 
CH=CH) ; 6.88 (1H, d, J = 4.4Hz, CH=CH). 13C-NMR (CDCl3, 75.4MHz, 
25°C): δ 15.63 (CH3) ; 15.96 (CH3) ; 16.08 (CH3CH2OP) ; 16.17 (CH3CH2OP) ; 
51.50 (COOCH3) ; 62.52 (J = 5.2Hz, CH3CH2OP) ; 62.59 (J = 5.2Hz, 
CH3CH2OP) ; 77.15 (CDCl3) ; 78.05 (Cq) ; 78.68 (Cq) ; 147.02 (Cq) ; 147.46 and 
147.61 (CH=CH) ; 149.81 and 149.96 (CH=CH) ; 155.15 (Cq) ; 163.93 (COOCH3). 31P-NMR (CDCl3,  
120MHz): δ -1.12. IR (ATR, cm-1): 1707 (νC=O), 1292 ; 1253 ; 1052 ; 1018 ; 966 ; 782. MS (ESI, pos. 
mode): [394.0 (90), 396.0 (100)] (Br-isotopes, [M+H]+). HRMS: (Br-isotopes, [C14H22BrNO5P]+) calc 
m/z 394.0419 and 396.0399 ; exp m/z 394.0424 and 396.0405. Dark brown oil. Yield = 9%. 
 
7-tert-Butyl 2-methyl 3-bromo-1,4-dimethyl-7-azabicyclo[2.2.1]hepta-2,5-diene-2,7-dicarboxylate 
184g 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.27 (9H, s, C(CH3)3) ; 1.74 (3H, s, CH3) ; 1.88 (3H, s, CH3) ; 3.63 
(3H, s, COOCH3) ; 6.52 (1H, d, J = 5.5Hz, CH=CH) ; 6.60 (1H, d, J = 5.5Hz, CH=CH). 13C-NMR 
(CDCl3, 75.4MHz, 25°C): δ 16.99 (CH3) ; 17.51 (CH3) ; 28.19 (C(CH3)3) ; 51.45 (COOCH3) ; 77.30 
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(CDCl3) ; 78.34 (Cq) ; 79.12 (Cq) ; 81.11 (C(CH3)3) ; 145.96 (Cq) ; 146.04 
(CH=CH) ; 147.99 (CH=CH) ; 153.40 (Cq) ; 154.45 (COOC(CH3)3) ; 163.75 
(COOCH3). IR (ATR, cm-1): 1706 (νC=O). MS (ESI, pos. mode): [270.0 
(100), 272.0 (80)] (Br-isotopes),  [375.0 (100), 377.0 (80)] (Br-isotopes, 
M+[NH4]+). Brown oil. Yield = 16%. Rf = 0.09 (PE/EtOAc 15/1). 
 
 
 
 
7-Benzyl 2-methyl 3-bromo-1,4-dimethyl-7-azabicyclo[2.2.1]hepta-2,5-diene-2,7-dicarboxylate 
184h 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.88 (3H, s, CH3) ; 2.05 (3H, s, 
CH3) ; 3.73 (3H, s, COOCH3) ; 5.05 (2H, s, CH2Ph) ; 6.65 (1H, d, J = 
5.2Hz, CH=CH) ; 6.75 (1H, d, J = 5.2Hz, CH=CH) ; 7.23 - 7.35 (5H, m, 
5x CHAr). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 16.78 (CH3) ; 17.34 
(CH3) ; 51.50 (COOCH3) ; 66.95 (CH2Ph) ; 77.24 (CDCl3) ; 78.45 (Cq) ; 
79.23 (Cq) ; 127.82 (2x CHAr) ; 128.02 (CHAr) ; 128.42 (2x CHAr) ; 
135.81 (Cq) ; 145.98 (CH=CH) ; 146.11 (Cq) ; 147.99 (CH=CH) ; 153.70 
(Cq) ; 154.82 (COOCH2Ph) ; 163.35 (COOCH3). IR (ATR, cm-1): 1706 
(νC=O). MS (ESI, neg. mode): [390.0 (90), 392.0 (100)] (Br-isotopes, [M-H]-). Brown oil. Yield = 13%. Rf 
= 0.10 (PE/EtOAc 15/1). 
 
4.2.3.3. Methyl 3,3-dimethoxy-1,4-dimethyl-7-(methylsulfonyl)-7-azabicyclo[2.2.1]hept-5-ene-2-
carboxylate 
 
In a flask of 25 ml, a solution of 3-bromo-1,4-dimethyl-7-(methylsulfonyl)-7-azabicyclo[2.2.1]hepta-2,5-
diene-2-carboxylate 184d in dry methanol (2 ml) (764.5 mg, 2.27 mmol) was added to NaOMe (5 
equiv., 11.37 ml 1M in MeOH, 11.37 mmol) at 0 °C. The resulting mixture was stirred overnight at 
room temperature. After reaction, the pH was adjusted to 5 using a 4N HCl solution and methanol was 
evaporated. The resulting aqueous solution was extracted with ether (3x 10 ml) and the combined 
organic phase washed with NaCl(sat.) (10 ml). After drying over MgSO4 and filtration followed by 
evaporation of the volatiles, methyl 3,3-dimethoxy-1,4-dimethyl-7-(methylsulfonyl)-7-
azabicyclo[2.2.1]hept-5-ene-2-carboxylate 188 was obtained pure by column chromatography. 
 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.71 (3H, s, CH3) ; 1.77 (3H, s, CH3) ; 2.71 (3H, s, CH3SO2) ; 3.18 
(1H, s, CH) ; 3.26 (3H, s, OCH3) ; 3.46 (3H, s, OCH3) ; 3.68 (3H, s, COOCH3) ; 6.19 (1H, d, J = 5.5Hz, 
CH=CH) ; 6.61 (1H, d, J = 5.5Hz, CH=CH). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 15.41 (CH3) ; 17.51 
(CH3) ; 42.92 (CH3SO2) ; 51.13 (OCH3) ; 51.91 (COOCH3) ; 52.05 (OCH3) ; 60.17 (CH) ; 72.34 (Cq) ; 
77.06 (CDCl3) ; 77.84 (Cq) ; 109.32 (Cq(OMe)2) ; 135.49 (CH=CH) ; 140.91 (CH=CH) ; 163.29 
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(COOCH3). IR (ATR, cm-1): 1706 (νC=O), 1338 (νS=O), 1322 (νS=O), 1148 (νS-N). MS 
(ESI, pos. mode): 288.1 (100, 235). MP: 153.0 °C. White powder. Yield = 58%. Rf 
= 0.18 (PE/EtOAc 2/1). 
 
 
 
4.2.3.4. Methyl 7-bromo-1,5-dimethyl-8-(methylsulfonyl)-3-oxa-8-azatricyclo[3.2.1.02,4]oct-6-ene-6-
carboxylate 
 
In a dry flask of 25 ml, methyl 3-bromo-1,4-dimethyl-7-(methylsulfonyl)-7-azabicyclo[2.2.1]hepta-2,5-
diene-2-carboxylate 184d (1.02 g, 3.03 mmol) was dissolved in dry CH2Cl2 (15 ml) at room 
temperature and m-CPBA (3 equiv., 1.57 g, 9.08 mmol) was added. The reaction mixture was stirred 
overnight and washed afterwards with NaHCO3(sat.) (6x 10 ml). Drying over MgSO4 and filtration of the 
organic phase followed by evaporation of the volatiles yielded methyl 7-bromo-1,5-dimethyl-8-
(methylsulfonyl)-3-oxa-8-azatricyclo[3.2.1.02,4]oct-6-ene-6-carboxylate 192. 
 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.86 (3H, s, CH3) ; 1.98 (3H, s, CH3) ; 2.95 
(3H, s, CH3SO2) ; 3.50 (1H, d, J = 3.9Hz, CHO) ; 3.61 (1H, d, J = 3.9Hz, CHO) ; 
3.84 (3H, s, COOCH3). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 14.14 (CH3) ; 
14.89 (CH3) ; 44.54 (CH3SO2) ; 52.17 (COOCH3) ; 61.04 (CHO) ; 61.18 (CHO) ; 
75.65 (Cq) ; 76.10 (Cq) ; 77.09 (CDCl3) ; 143.95 (Cq) ; 145.89 (Cq) ; 162.97 
(COOCH3). IR (ATR, cm-1): 1712 (νC=O), 1344 (νS=O), 1335 (νS=O), 1151 (νS-N) : 
1031. MS (ESI, pos. mode): [352.0 (750), 354.0 (100)] (Br-isotopes, [M+H]+) ; [369.0 (70), 371.0 (80)] 
(Br-isotopes, [M+NH4]+). HRMS: (Br-isotopes, [C11H15BrNO5S]+)  calc m/z 351.9854 and 353.9834 ; 
exp m/z 351.9851 and 353.9830. MP: 143.0 °C. White powder. Yield = 25%. Recrystallization from 
ether. 
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4.2.3.5. Methyl 3-bromo-5,6-dihydroxy-1,4-dimethyl-7-(methylsulfonyl)-7-azabicyclo[2.2.1]hept-2-ene-
2-carboxylate 
 
In a flask of 10 ml, Methyl 7-bromo-1,5-dimethyl-8-(methylsulfonyl)-3-oxa-8-
azatricyclo[3.2.1.02,4]oct-6-ene-6-carboxylate 192 (0.315 g, 0.894 mmol) was 
dissolved in 4 ml of water and p-TsOH (1 mol%, 1.71 mg, 0.00894 mmol) was 
added. The mixture was stirred at reflux temperature for 2 hours to full 
conversion of the epoxide. However, due to instability issues, methyl 3-bromo-
5,6-dihydroxy-1,4-dimethyl-7-(methylsulfonyl)-7-azabicyclo[2.2.1]hept-2-ene-2-
carboxylate 191 could not be isolated. 
 
4.2.3.6. Methyl 3-bromo-1,4-dimethyl-7-(methylsulfonyl)-7-azabicyclo[2.2.1]hept-2-ene-2-carboxylate 
 
In a tube of 25 ml, 3-bromo-1,4-dimethyl-7-(methylsulfonyl)-7-azabicyclo[2.2.1]hepta-2,5-diene-2-
carboxylate 184d (1.33 g, 3.96 mmol) was dissolved in 15 ml of cyclohexane, after which 10 wt% Pd/C 
(0.1 wt. equiv., mg) was added. The resulting suspension was stirred for 24 hours under 5 bar of H2 
gas. After reaction, the suspension was filtered over a patch of Celite® and the filtrate was evaporated. 
Column chromatography yielded methyl 3-bromo-1,4-dimethyl-7-(methylsulfonyl)-7-
azabicyclo[2.2.1]hept-2-ene-2-carboxylate 189d. 
 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.39 - 1.51 (1H, m) ; 1.58 - 1.71 (1H, m) ; 1.76 
(3H, s, CH3) ; 1.88 (3H, s, CH3) ; 1.92 - 2.03 (2H, m) ; 2.67 (3H, s, CH3SO2) ; 3.83 
(3H, s, COOCH3). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 17.99 (CH3) ; 18.28 (CH3) 
; 34.43 (CH2CH2) ; 35.04 (CH2CH2) ; 41.30 (CH3SO2) ; 52.00 (COOCH3) ; 74.57 
(Cq) ; 74.78 (Cq) ; 77.07 (CDCl3) ; 137.89 (Cq) ; 139.23 (Cq) ; 163.49 (COOCH3). 
IR (ATR, cm-1): 1705 (νC=O), 1339 (νS=O), 1327 (νS=O), 1153 (νS-N) ; 1123. MS (ESI, 
pos. mode): [355.0 (100), 357.0 (90)] (Br-isotopes, [M+NH4]+). HRMS: (Br-
isotopes, [C11H20BrN2O4S]+)  calc m/z 355.0327 and 357.0307 ; exp m/z 355.0335 and 357.0316. MP: 
130.0 °C.  White powder. Yield = 52%. Rf = 0.29 (PE/EtOAc 4/1). 
 
4.2.3.7. Synthesis of 1,4-dimethyl-7-azabicyclo[2.2.1]heptane via hydrogenation 
 
In a tube of 25 ml, 3-bromo-1,4-dimethyl-7-(methylsulfonyl)-7-azabicyclo[2.2.1]hepta-2,5-diene-2-
carboxylate 184 (5.50 g, 16.36 mmol) was dissolved in 30 ml of methanol, after which 10 wt% Pd/C 
(0.1 wt equiv., 550 mg) and NEt3 (1.1 equiv., 1.82 g, 18.00 mmol) were added. The resulting 
suspension was stirred for 24 hours under 5 bar of H2-gas. After reaction, the suspension was filtered 
over a patch of Celite® and the filtrate was evaporated. Column chromatography yielded methyl 1,4-
dimethyl-7-(methylsulfonyl)-7-azabicyclo[2.2.1]heptane-2-carboxylate 190. 
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Methyl 1,4-dimethyl-7-(methylsulfonyl)-7-azabicyclo[2.2.1]heptane-2-carboxylate 190d 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.60 - 1.85 (10H, m, 2x CH3, CH2CH2) ; 1.95 - 
2.14 (2H, m, CHCH2) ; 2.96 - 3.07 (4H, m, CHCH2, SO2CH3) ; 3.72 (3H, s, 
COOCH3). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 20.40 (CH3) ; 20.92 (CH3) ; 33.28 
(CH2CH2) ; 37.15 (CH2CH2) ; 41.09 (CHCH2) ; 44.43 (SO2CH3) ; 51.96 (COOCH3) 
; 52.22 (CHCH2) ; 70.84 (Cq) ; 72.63 (Cq) ; 77.33 (CDCl3) ; 172.67 (COOCH3). IR 
(ATR, cm-1): 1727 (νC=O), 1324 (νS=O), 1315 (νS=O), 1138 (νS-N). MS (ESI, pos. 
mode): 167.3 (100, 236 + H+). HRMS: [C11H20NO4S]+ calc m/z 262.1108 ; exp m/z 262.1108. MP: 
66.0 °C. White powder. Yield = 68%. Rf = 0.2 (PE/EtOAc 4/1). 
 
 
 
Methyl 1,4-dimethyl-7-(N’,N’-dimethylaminosulfonyl)-7-azabicyclo[2.2.1]heptane-2-carboxylate 
190n 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.53 (3H, s, CH2CqCH3) ; 1.63 - 1.82 (7H, 
m, CqCH2CH2Cq, CHCqCH3) ; 2.01 - 2.13 (2H, m, CHCH2) ; 2.80 (6H, s, 2x 
NCH3) ; 3.80 (1H, dd, J1= 9.4Hz , J2 = 6.6Hz CH) ; 3.71 (3H, s, COOCH3). 13C-
NMR (CDCl3, 75.4MHz, 25°C): δ 20.18 (CHCqCH3) ; 20.78 (CH2CqCH3) ; 33.04 
(CH2) ; 36.96 (CH2) ; 37.24 (2x NCH3) ; 40.70 (CHCH2) ; 51.87 (COOCH3) ; 
51.93 (CHCH2) ; 70.58 (CH2Cq) ; 72.43 (CHCq) ; 77.27 (CDCl3) ; 173.14 
(COOCH3). IR (ATR, cm-1): 1730 (νC=O), 1328 (νS=O), 1315 (νS=O), 1138 (νS-N) ; 
956 ; 723. MS (ESI, pos. mode): 291.3 (100, [M+H]+). HRMS: [C12H23N2O4S]+ calc m/z 291.1373 ; exp 
m/z 291.1378. Colourless Oil. Yield = 60%. 
 
In a tube of 25 ml, 1,4-dimethyl-7-(methylsulfonyl)-7-azabicyclo[2.2.1]hepta-2,5-diene-2-dicarboxylates 
184e and 184f (550 mg, 1.636 mmol) was dissolved in 5 ml of methanol, after which 10 wt% Pd/C (0.1 
wt equiv., 55.0 mg) was added. The resulting suspension was stirred for 24 hours under 5 bar of H2-
gas. After reaction, the suspension was filtered over a patch of Celite® and the filtrate was 
evaporated. Column chromatography yielded dialkyl 1,4-dimethyl-7-(methylsulfonyl)-7-
azabicyclo[2.2.1]heptane-2-carboxylates 190e and 190f. 
 
Dimethyl 1,4-dimethyl-7-(methylsulfonyl)-7-azabicyclo[2.2.1]heptane-2,3-
dicarboxylate 190e 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.55 - 1.81 (8H, m, 2x CH3, 2x CHxHb) ; 
2.20 - 2.27 (2H, m, 2x CHaHy) ; 3.02 (3H, s, CH3SO2) ; 3.36 (2H, s, 2x CH) ; 
3.80 (6H, s, 2x COOCH3). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 20.41 (2x CH3) 
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; 32.63 (CH2CH2) ; 45.35 (CH3SO2) ; 51.71 (COOCH3) ; 51.91 (COOCH3) ; 53.58 (CH) ; 53.77 
(CHCOO) ; 73.04 (2x Cq) ; 77.07 (CDCl3) ; 170.94 (2x COOCH3). IR (ATR, cm-1): 1728 (νC=O), 1328 
(νS=O), 1321 (νS=O), 1148 (νN-S). MS (ESI, pos. mode): 288.0 (100, [M+H]+ - MeOH). MP: 105.0 °C. 
White crystals. Yield = 31%. Rf = 0.14 (PE/EtOAc 4/1). 
 
Diethyl 1,4-dimethyl-7-(methylsulfonyl)-7-azabicyclo[2.2.1]heptane-2,3-dicarboxylate 190f 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.24 (6H, t, J = 7.2Hz, 2x CH2CH3) ; 1.60 - 
1.65 (2H, m, 2x CHxHb) ; 1.73 (6H, s,  2x CH3) ; 2.22 - 2.28 (2H, m, 2x CHxHy) ; 
3.01 (3H, s, CH3SO2) ; 3.34 (2H, s, 2x CH) ; 4.06 - 4.17 (4H, m, 2x COOCH2). 
13C-NMR (CDCl3, 75.4MHz, 25°C): δ 14.01 (2x CH2CH3) ; 20.22 (2x CH3) ; 
32.40 (CH2CH2) ; 45.14 (CH3SO2); 53.54 (2x CHCOO) ; 60.46 (2x COOCH2)  ; 
72.85 (2x Cq) ; 77.06 (CDCl3) ; 170.25 (2x COOCH2). IR (ATR, cm-1): 1736 
(νC=O), 1332 (νS=O), 1316 (νS=O), 1308 (νS=O), 1144 (νN-S), 1133 (νN-S). MS (ESI, pos. mode): 302.1 (80) 
; 348.1 (100, [M+H]+). Colourless oil. Yield = 56%. Rf = 0.33 (PE/EtOAc 4/1). 
 
4.2.4. Synthesis of 1,4-dimethyl-7-thiabicyclo[2.2.1]heptane via Diels-Alder reactions 
 
4.2.4.1. Synthesis of 1,4-dimethyl-7-thiabicyclo[2.2.1]hept-5-enes 
 
In a dry flask of 250 ml, a solution of 2,5-dimethylthiophene 206 (10 g, 89.13 mmol) in 150 ml dry 
CH2Cl2 was cooled to -20°C. BF3.OEt2 (4 equiv., 44.0 ml, 356.73 mmol) and m-CPBA (1 equiv., 20.51 
g (75%), 89.13 mmol) were added and the resulting mixture was stirred at -20°C for 2h. The reaction 
mixture was then poured out into a 500 ml beaker containing 100ml of water and solid NaHCO3 was 
added, while stirring, until no more fizzing was observed. The water phase was then extracted with 
CH2Cl2 (2x 150 ml) and the organic phase washed with NaHCO3(sat.) (3 x 50 ml) and NaCl(sat.) (50 ml). 
After drying with MgSO4 and filtration, the appropriate alkene (1 equiv.) was added to the organic 
phase and the mixture was stirred for the appropriate time and temperature as shown in Table 34. 1,4-
Dimethyl-7-thiabicyclo[2.2.1]hept-5-enes 208 were obtained after column chromatography or filtration. 
 
1,4-Dimethyl-7-thiabicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid 7-oxide 208c 
1H-NMR (CD3OD, TMS, 300MHz, 25°C): δ 1.55 (6H, s, 2x CH3) ; 3.67 (2H, s, 2x 
CH) ; 6.17 (2H, s, 2x CH=CH). 13C-NMR (CD3OD, TMS, 75.4MHz, 25°C): δ 
14.35 (2x CH3) ; 48.98 (CD3OD) ; 54.48 (2x CH) ; 72.28 (2x Cq) ; 132.97 (2x 
CH=CH) ; 173.06 (2x COOH). IR (ATR, cm-1): 1724 (νC=O), 1703 (νC=O), 1405, 
1236, 1207, 1027. MS (ESI, pos. mode): 207.3 (100), 227.3 (55, [M+H]+-H2O) ; 
245.0 (95, [M+H]+). MP: 226.0 °C. White powder. Yield = 33%. Precipitation 
from H2O. 
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Dimethyl 1,4-dimethyl-7-thiabicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate 7-oxide 208d 
1H-NMR (CDCl3, 300MHz, 25°C): δ 1.57 (6H, s, 2x CH3) ; 3.66 (6H, s, 2x 
COOCH3) ; 3.80 (2H, s, 2x CH) ; 6.16 (2H, s, 2x CH=CH). 13C-NMR (CDCl3, 
75.4MHz, 25°C): δ 14.21 (2x CH3) ; 52.09 (2x CH) ; 53.00 (2x COOCH3) ; 71.13 
(2x Cq) ; 77.15 (CDCl3) ; 131.92 (2x CH=CH) ; 170.74 (2x COOCH3). IR (ATR, 
cm-1): 1735 (νC=O), 1327, 1210, 1182, 1065, 1048. MS (ESI, pos. mode): 255.0 
(80) ; 273.3 (100, [M+H]+). HRMS: [C12H17O5S]+ calc m/z 273.0791 ; exp m/z 273.0796. MP: 99.0 °C. 
White crystals. Yield = 48%. Rf = 0.14 (PE/EtOAc). 
 
Dibutyl 1,4-dimethyl-7-thiabicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate 7-oxide 208e 
1H-NMR (CDCl3, 300MHz, 25°C): δ 0.74 (6H, t, J = 7.2Hz, 2x CH2CH3) ; 1.18 
(4H, sextet, J = 7.5Hz, 2x CH2CH2CH3) ; 1.34-1.44 (10H, m, 2x CH3, 2x 
COOCH2CH2) ; 3.56 (2H, s, 2x CH) ; 3.75 - 3.95 (4H, m, 2x COOCH2) ; 5.94 
(2H, s, 2x CH=CH). 13C-NMR (CDCl3, 75.4MHz, 25°C): δ 13.68 (2x (CH3)Bu) ; 
14.18 (2x CH3) ; 19.15 (2x CH2CH3) ; 30.52 (2x COOCH2CH2) ; 53.03 (2x CH) ; 
64.89 (2x CHCOOCH2) ; 71.13 (2x Cq) ; 77.70 (CDCl3) ; 131.86 (2x CH=CH) ; 
170.16 (2x COOCH2). IR (ATR, cm-1): 1737 (νC=O), 1203, 1178, 1081, 1061. MS (ESI, pos. mode): 
207.3 (40) ; 233.3 (25) ; 357.3 (100, [M+H]+) ; 579.3 (55). HRMS: [C18H29O5S]+ calc m/z 357.1730 ; 
exp m/z 357.1732. Pale brown oil. Yield = 60%. Rf = 0.36 (PE/EtOAc 4/1). 
 
4.2.4.2. Synthesis of 1,4-dimethyl-7-thiabicyclo[2.2.1]heptane via hydrogenation 
 
In a dry tube of 25 ml, dibutyl 1,4-dimethyl-7-thiabicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate 7-oxide 
208e (260 mg, 0.73 mmol) was dissolved in 7 ml of dry THF. RhCl(PPh3)3 (0.2 equiv., 135.0 mg, 0.15 
mmol) was added and the resulting clear solution was stirred for 60h under 5 bar of H2-gas at room 
temperature. Afterwards, the volatiles were evaporated and dibutyl 1,4-dimethyl-7-
thiabicyclo[2.2.1]heptane-2,3-dicarboxylate 214e was obtained through column chromatography. 
 
Dibutyl 1,4-dimethyl-7-thiabicyclo[2.2.1]heptane-2,3-dicarboxylate 7-oxide 214e 
1H-NMR (CDCl3, 300MHz, 25°C): δ 0.94 (6H, t, J = 7.4Hz, 2x CH2CH3) ; 1.37 (4H, sextet, J = 7.5Hz, 
2x CH2CH2CH3) ; 1.49 (6H, m, 2x CH3) ; 1.54 - 1.65 (6H, m, 2x CHexoHendo, 2x COOCH2CH2) ; 2.31 - 
2.38 (2H, m, 2x CHexoHendo) ; 3.62 (2H, s, 2x CH) ; 3.90 - 4.18 (4H, m, 2x COOCH2). 13C-NMR (CDCl3, 
75.4MHz, 25°C): δ 13.70 (2x (CH3)Bu) ; 16.78 (2x CH3) ; 19.16 (2x CH2CH3) ; 
23.62 (CH2CH2) ; 30.55 (2x COOCH2CH2) ; 48.89 (2x CH) ; 64.83 (2x 
CHCOOCH2) ; 68.92 (2x Cq) ; 77.03 (CDCl3) ; 170.67 (2x COOCH2). IR (ATR, 
cm-1): 1737 (νC=O), 1187 (νS=O), 1059, 1044. MS (ESI, pos. mode): 359.2 (100, 
[M+H]+) ; 360.2 (20). Brown oil. Yield = 40%. Rf = 0.34 (PE/EtOAc 4/1). 
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5. Summary 
 
Ionic liquids are a widespread research topic nowadays. Where the first room temperature ionic liquid, 
[Et3NH][NO3], was already discovered in 1914, it took a while before the interest in ionic liquids started 
to grow. In theory it is possible to synthesize a variety of ionic liquids that would reach into the millions, 
but research has focused on several types of ionic liquids, especially imidazolium and (cyclic) 
ammonium ionic liquids and to a lesser extent also pyridinium, phosphonium and sulfonium ionic 
liquids. These ionic liquids have been synthesized for use in electrochemical applications such as 
batteries etc. but also as new recyclable reaction media and catalysts for more specific applications 
such as metal extractions.  
 
Together with the synthesis of ionic liquids, a lot of analyses have been performed to quantify and 
compare the electrochemical and thermal stabilities of new ionic liquids. During the last decade a lot of 
attention has been devoted to the underlying breakdown mechanisms and the prediction of stability 
and applicability of ionic liquids for certain uses. Each type of ionic liquids has its own combination of 
pros and cons for use in certain conditions. Imidazolium ionic liquids are generally more vulnerable to 
base than ammonium ionic liquids, but they possess a low viscosity in general. This doctoral research 
was focused on the development of new ionic liquids, based on the structure of epibatidine-like 7-
azabicyclo[2.2.1]heptanes analogues. Since aqueous solutions of metal species have the 
disadvantage of being limited to the electrochemical window of water, where the electrochemical 
window of ionic liquids is generally a lot wider than that of water, one of the major objectives of this 
thesis was to synthesize ionic liquids with a broad electrochemical window in view of applications such 
as electrocoating and -plating of various metals. Furthermore, these ionic liquids are better at 
solubilizing different metal species. 
 
The first and major part of this thesis describes the synthesis of new ionic liquids based on epibatidine-
like analogues (Scheme 79). The general structure of the cation will be formed by 7-
azabicyclo[2.2.1]heptane-1-carbonitriles v with different substitution patterns. The synthesis of bicyclic 
structure v starts from 1,4-cyclohexadione monoethylene acetal i which can be transformed into 4-(4-
toluenesulfonyloxy)cyclohexanone iv in three steps in excellent yield.  Cyclohexanone iv is 
transformed into 7-azabicyclo[2.2.1]heptanes v through a one-pot ring closure reaction using various 
primary amines and cyanide, generated in situ from acetone cyanohydrin, as the nucleophile in yields 
varying from 19 to 71%. 
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Scheme 79. 
 
In view of synthesizing different types of ionic liquids, several quaternization methods have been 
evaluated to obtain ionic liquids based on the 1-cyano-7-azoniabicyclo[2.2.1]heptane cation combined 
with a variety of anions (Scheme 80). Firstly, 7-azabicyclo[2.2.1]heptanes v were treated with an 
excess of iodomethane, which provides iodides vi in excellent yield. These iodide salts can be 
transformed into different ionic liquids via a metathesis reaction using lithium or silver salts to form 
nitrate vii, tetrafluoroborate viii, dicyanamide ix and bistriflimide salts x with the 1-cyano-7-
azoniabicyclo[2.2.1]heptane cation.  
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Scheme 80: Ionic liquid synthesis. 
 
Secondly, as shown in Scheme 81, quaternization with dimethyl carbonate was evaluated for the 7-
azabicyclo[2.2.1]heptane-1-carbonitrile derivatives v in order to be able to synthesize a whole range of 
ionic liquids through metathesis of the methyl carbonate anion using various acids. However, no 
methyl carbonate based ionic liquids xi were obtained despite the use of high temperatures in 
pressure vials combined with different Lewis acid catalysts for the activation of dimethyl carbonate. An 
alternative silver-free quaternization reaction towards ionic liquids was conducted with different sulfate 
and sulfonate based methylating reagents. The quaternization of the 7-azabicyclo[2.2.1]heptanes 
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derivatives v did not proceed very smoothly, requiring long reaction times combined with an excess of 
methylating reagent. However, these sulfate and sulfonate based ionic liquids can be obtained via the 
reaction of the corresponding iodide salts vi with the methylating reagents, liberating iodomethane and 
yielding methyl sulfate xii, methanesulfonate xiii, p-toluenesulfonate xiv and 
trifluoromethanesulfonate xv ionic liquids in good yields.  
 
 
Scheme 81: Carbonate and sulf(on)ate ionic liquids. 
 
In view of one of the goals of this doctoral thesis, the stability of the newly synthesized ionic liquids 
was tested via different methods (Figure 17). A selection of bis(trifluoromethylsulfonyl)imide and 
dicyanamide ionic liquids was tested for electrochemical and thermal stability via electrocyclic 
voltammetry and thermogravimetric analysis respectively. In general, the examined 
bis(trifluoromethylsulfonyl)imide ionic liquids possess an electrochemical window of circa 4 Volts 
measured via recording ECVs of the ionic liquids, with [C4C1ABH][Tf2N] (x with R = n-Bu) having a 
slightly larger window of 4.5 to 5 Volts and ethereal substituted [C1THFC1ABH][Tf2N] [C2O1C1ABH][Tf2N] 
(x with R = 2-tetrahydrofurfurylmethyl and methoxyethyl respectively) showing a decreased anodic 
stability as compared to the general stability of ionic liquids substituted with an alkyl chain on the 
nitrogen bridge. The limit for the cathodic electrochemical stability of these ionic liquids seems to be at 
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-2.1 Volts, indicating this as the lowest potential at which the ionic liquids with the 1-cyano-7-
azoniabicyclo[2.2.1]heptane skeleton can be used. Thermal stability of these [Tf2N]--based ionic liquids 
is very good with the onset of 1% weight loss at 300 °C for [C4C1ABH][Tf2N] and [C8C1ABH][Tf2N] 
which was measured through TGA analysis. 
 
 
 
 
Figure 17: ECVs and TGAs of selected ionic liquids.
 
However, dicyanamide ionic liquids [C6C1ABH][N(CN)2] and [C8C1ABH][N(CN)2] (ix with R = hexyl and 
octyl respectively) showed some strange behaviour in their ECVs (Figure 18). Where the cathodic 
stability corresponds to that of bis(trifluoromethylsulfonyl)imide ionic liquids, at the anode a strange 
process is going on. While recording subsequent voltammograms, their width increases after every 
measurement. This can most probably be explained by a polymerization reaction of the dicyanamide 
anion, forming a polymeric layer on the electrode. Their thermal stability is also fairly limited. 
Degradation already occurred when heating the ionic liquid for a limited amount of time at 140 °C 
when rapid darkening of the ionic liquids is visually observed. 
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Figure 18: Electrochemical analysis of N(CN)2 ILs. 
 
Application of the ionic liquids as solvents in various chemical applications has also been examined. 
Firstly, the application of ionic liquids as the solvent and additive/catalyst for the Baylis-Hillman 
reaction was examined. Because of their polar nature ionic liquids should be able to enhance the 
reaction rate of Baylis-Hillman reactions. Reaction of various benzaldehyde derivatives with methyl 
acrylate were examined and provided the Baylis-Hillman adducts in good to excellent yield with 
relatively short reaction times, where normally these reactions can take more than a week to complete 
which is not uncommon for the reaction of aldehydes with acrylates (Scheme 82). 
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Scheme 82: Evaluation of Baylis-Hillman reactions. 
 
To investigate the stability and applicability of the ionic liquids in more basic reaction conditions, 
Grignard reaction of aliphatic or aromatic ketones with ethyl- and vinylmagnesium bromide were 
executed in [Ciso-4C1ABH][Tf2N] (Scheme 83). The reactions went very smoothly and full conversion 
towards the corresponding tertiary alcohols was obtained after only 2 hours. Unfortunately, the 
recovery of the ionic liquid failed in the case of ethylmagnesium bromide since the Grignard reagent 
also reacts with the nitrile group in the ionic liquid. No such side reaction was observed when using 
vinylmagnesium bromide. 
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Scheme 83. 
 
Different coupling reactions such as Sonogashira and Suzuki couplings where the catalytic system 
could be reused for several cycles were also evaluated in this thesis but did not produce good results: 
Sonogashira coupling of bromobenzene with phenyl acetylene under influence of PdCl2(PPh3)2 and 
Cu(I)I went very sluggish and Suzuki coupling did not provide any result. 
  
In a second part of this thesis, the synthesis of more functionalized 7-azabicyclo[2.2.1]heptanes was 
attempted via a Diels-Alder reaction of 2,5-dimethylpyrroles xxi, substituted with an electron 
withdrawing group on nitrogen, and electron-poor alkynes (Scheme 84). The Diels-Alder adducts xxii 
are obtained in a low to good yield, depending of the substituent on the pyrrole nitrogen atom. Further 
introduction of different functionalities on the bicyclic structures was evaluated. In this way, several 
modifications have been applied to the skeleton, but the deprotection of the nitrogen bridge could not 
be executed successfully in this thesis and the electron withdrawing group substituted derivatives xxiii 
could not be quaternized towards ionic liquids. Hence, ionic liquids based on a 1,4-dimethyl-7-
azoniabicyclo[2.2.1]heptanes were not obtained. 
 
 
Scheme 84: Synthesis of the 7-azabicyclo[2.2.1]heptane skeleton via a Diels-Alder approach. 
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In a third and final part of this doctoral thesis, an entry towards new 7-thiabicyclic ionic liquids was 
examinated. This bicyclic structure can also be obtained via a Diels-Alder reaction of thiophenes, 
which have to be activated first, and electron-poor alkenes. The synthesis of thiophenes xxxii was 
attempted via pinacol or McMurry coupling of diketone xxix followed by dehydration or aromatization 
of the tetrahydro- xxx or dihydrothiophene xxxi respectively, but failed to yield the desired 3,4-
disubstituted thiophenes xxxii (Scheme 85). Therefore, synthesis of the bicyclic structure was 
performed starting from 2,5-dimethylthiophene, which was oxidized in situ to the thiophene-S-oxide 
that reacted with various alkenes to obtain the 1,4-dimethyl-7-thiabicyclo[2.2.1]heptanes xxxiv.  
 
 
Scheme 85: Attempted synthesis of 3,4-dialkylthiophenes. 
 
Methylation of the sulfoxide moiety towards the dialkylmethyloxosulfonium cation was not successful. 
Therefore, it was found necessary to reduce the sulfoxide moiety to the corresponding sulfide xxxix 
which can then be methylated towards the corresponding sulfonium cations. This reduction did not 
yield the sulfide but instead the corresponding cyclohexadiene xl or benzene xli derivatives were 
formed through elimination of the sulfoxide bridge (Scheme 86).  
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Scheme 86. 
 
Several methods have been evaluated to react the double bond away such as dihydroxylation to 
xxxvii or Simmons-Smith cyclopropanation to xxxviii but these attempts did not yield the desired 
products. Hydrogenation of the double bond was found possible using Wilkinson’s catalyst 
(RhCl(PPh3)3) but no full conversion was obtained (only 60%). In future, this hydrogenation can be 
further optimised in order to obtain 7-thiabicyclo[2.2.1]heptanes xxxv which can then be reduced and 
methylated in order to produce sulfonium ionic liquids, which could be further developed and tested. 
 
In conclusion, new ionic liquids based on a 1-cyano-7-azoniabicyclo[2.2.1]heptane cation combined 
with different anions have been synthesized to examine their properties such as melting point, 
electrochemical, thermal and chemical stability and their applicability for e.g. (heavy) metal solubility. 
The bis(trifluoromethylsulfonyl)imide ionic liquids possess an excellent thermal (up to 380 °C) and 
good electrochemical stability (electrochemical windows of around 4 Volts), while they can also be 
used as solvents or additives/catalysts in several organic reactions. Attempts to synthesize 1,4-
dimethyl-7-aza- or 1,4-dimethyl-7-thiabicyclo[2.2.1]heptane based ionic liquids however did not yield 
the desired compounds. 
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6. Samenvatting 
 
Ionische vloeistoffen vormen momenteel een wijdverspreid onderzoeksonderwerp. Hoewel de eerste 
zogenaamde kamertemperatuur ionische vloeistof al werd ontdekt in 1914, duurde het nog een hele 
tijd vooraleer de interesse in deze nieuwe klasse van verbindingen werd gewekt. In theorie is het 
mogelijk om miljoenen verschillende ionische vloeistoffen te produceren, maar in de praktijk wordt de 
aandacht echter toegespitst op een bepaald aantal klassen van ionische vloeistoffen waarvan de 
imidazolium en (cyclische) ammonium ionische vloeistoffen de belangrijkste zijn. Daarnaast vormen 
onder andere de pyridinium, fosfonium en sulfonium ionische vloeistoffen een aantal kleinere groepen. 
De synthese van ionische vloeistoffen is onder andere gericht op elektrochemische toepassingen 
zoals het gebruik in batterijen en het bekomen van chemisch stabiele ionische vloeistoffen die 
aangewend kunnen worden als solventen welke vervolgens ook gerecycleerd kunnen worden 
gedurende verscheidene reactiecycli. 
 
Samenhangend met de synthese van deze ionische vloeistoffen is ook de analyse van hun 
eigenschappen en stabiliteit in verschillende omstandigheden zeer belangrijk om ze te kunnen 
karakteriseren en vergelijken met elkaar. Gedurende de laatste tien jaren is er ook veel aandacht 
ontstaan voor de onderliggende degradatiemechanismen en de redenen daarvoor. Dit is onder andere 
belangrijk om de toepasbaarheid van nieuwe ionische vloeistoffen te kunnen inschatten en evalueren. 
Elk type ionische vloeistof heeft namelijk zijn eigen specifieke kenmerken. Zo bezitten imidazolium 
gebaseerde ionische vloeistoffen vaak een lage viscositeit maar tevens ook een vrij hoge gevoeligheid 
voor basen (waarvan de vorming van carbenen een typisch voorbeeld is) ten opzichte van de 
ammonium gebaseerde ionische vloeistoffen. 
 
Tijdens deze doctoraatsthesis werd de aandacht gelegd op de ontwikkeling van nieuwe ionische 
vloeistoffen met het oog op een goede elektrochemische stabiliteit waardoor ze aangewend zouden 
kunnen worden in elektrochemische toepassingen zoals bv. het coaten van metalen op variabele 
oppervlakken. Het voordeel van deze ionische vloeistoffen ten opzichte van waterige oplossingen van 
metaal species is tweeërlei: het elektrochemische venster van ionische vloeistoffen is algemeen 
gezien veel breder dan dat van water en bovendien kunnen deze zouten dikwijls verscheidene 
metalen en metaalverbindingen beter oplossen. Het eerste en grootste deel beschrijft de synthese en 
de eigenschappen van de in deze doctoraatsthesis nieuw gesynthetiseerde ionische vloeistoffen. De 
algemene structuur van de nieuwe zouten wordt gevormd door een 7-azabicyclo[2.2.1]heptaan skelet 
v dat verschillende functionaliteiten op het stikstofatoom kan bevatten. De synthese van deze ionische 
vloeistoffen start bij 1,4-cyclohexaandion monoethyleen acetaal i dat wordt omgezet in 4-(4-
tolueensulfonyloxy)cyclohexanon iv in drie stappen met een uitstekend rendement (Schema 1). Dit 
cyclohexanon derivaat wordt vervolgens omgezet in de bicyclische structuur v met behulp van een 
één-pot ringsluitingsreactie waarbij gebruik wordt gemaakt van verscheidene primaire amines en van 
cyanide als nucleofiel, in situ vrijgesteld vanuit aceton cyanohydrine. De azabicyclische verbindingen 
werden bekomen in rendementen variërend van 19 tot 71%. 
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Schema 1. 
 
De aldus bekomen amines worden omgezet in gequaterniseerde derivaten met behulp van 
verscheidene methylerende reagentia met vorming van 1-cyano-7-azoniabicyclo[2.2.1]heptaan 
verbindingen. Een eerste reeks ionische vloeistoffen werd gesynthetiseerd met behulp van een 
overmaat joodmethaan hetgeen jodide zouten vi opleverde in zeer goede rendementen (Schema 2). 
Deze jodide zouten werden vervolgens omgezet naar verscheidene andere zouten met behulp van 
lithium en zilver verbindingen: nitraat vii, tetrafluorboraat viii, dicyanamide ix en 
bis(trifluormethylsulfonyl)imide x ionische vloeistoffen. 
 
N
R
NC
N
R
NC
Me
I N
R
NC
Me
A
N
R
NC
Me N
R
NC
Me
MeI
ACN, k.t. tot
vi (54 - 95%)v A = NO3: vii (60 - 96%)
A = BF4 : viii (40 - 87%)
1 - 1,05 equiv.
AgNO3 of AgBF4
k.t.
1,2 equiv. AgN(CN)2
N
NC CN
ix (45 - 94%)
N
S S
F3C CF3
O
O
O
O
x (84 - 96%)
1,05 - 1,1 equiv.
LiNTf2
 
Schema 2: Synthese van ionische vloeistoffen. 
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Naast de quaternisatie met behulp van joodmethaan werd ook de methylering van de azabicyclische 
verbindingen v met dimethylcarbonaat geëvalueerd (Schema 3, boven links). Via deze methyl 
carbonaat ionische vloeistoffen xi zou het mogelijk kunnen zijn om een groot aantal andere ionische 
vloeistoffen te synthetiseren. Deze methylcarbonaat ionische vloeistoffen konden echter niet 
gesynthetiseerd worden vanuit 7-azabicyclo[2.2.1]heptaan derivaten v ondanks het gebruik van zeer 
hoge temperaturen en drukvaten, gecombineerd met verscheidene katalysatoren (zuur) voor de 
activatie van dimethylcarbonaat. Een ander alternatief voor een zilvervrije quaternisering kon worden 
bekomen met behulp van verschillende sulfaat en sulfonaat gebaseerde methylerende reagentia 
(Schema 3, boven rechts. De quaternisering naar 7-azoniabicyclo[2.2.1]heptaan derivaten xii tot xiv 
verliep niet erg vlot. Lange reactietijden tezamen met hoge temperaturen en een vrij grote overmaat 
methylerend reagens waren noodzakelijk om volledige conversie te bekomen. Deze sulfaat en 
sulfonaat gebaseerde ionische vloeistoffen konden echter wel gesynthetiseerd worden door middel 
van een metathesereactie tussen de iodide zouten vi en de methylerende reagentia, waarbij 
joodmethaan wordt vrijgesteld en de gewenste zouten in goede rendementen werden bekomen 
(Schema 3, onder).  
 
 
Schema 3: Carbonaat en sulf(on)aat ionische vloeistoffen. 
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Vervolgens werd de stabiliteit van deze nieuwe ionische vloeistoffen getest door middel van 
verschillende methodes (Figuur 1). Een aantal bis(trifluormethylsulfonyl)imide x en dicyanamide ix 
ionische vloeistoffen werden getest op hun elektrochemische en thermische stabiliteit. De 
elektrochemische stabiliteit van de bis(trifluormethylsulfonyl)imide zouten x bedraagt ongeveer 4 Volt, 
waarbij [C4C1ABH][Tf2N] (x met R = n-Bu) een iets hogere stabiliteit van 4,5 tot 5 Volt bezit terwijl de 
ether gesubstitueerde ionische vloeistoffen [C1THFC1ABH][Tf2N] en [C2O1C1ABH][Tf2N] (x met R = 
respectievelijk 2-tetrahydrofurfurylmethyl en 2-methoxyethyl) een verlaagde anodische stabiliteit 
vertonen vergeleken met de alkyl gesubstitueerde  ionische vloeistoffen. De limiet voor de kathodische 
stabiliteit ligt op ongeveer -2,1 Volt ten opzichte van het Fc/Fc+ koppel. De thermische stabiliteit van 
[Tf2N]--gebaseerde ionische vloeistoffen is zeer goed. De afbraak treedt pas op bij 300°C voor 
[C4C1ABH][Tf2N] en [C8C1ABH][ Tf2N]. 
 
 
 
 
 
Figuur 1: Elektrochemische en thermische analyse van ionische vloeistoffen.
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Dicyanamide gebaseerde ionische vloeistoffen daarentegen vertoonden een merkwaardig verschijnsel 
aan de anode (Figuur 2). Terwijl de kathodische stabiliteit van deze zouten ongeveer dezelfde is als bij 
de bis(trifluormethylsulfonyl)imide, zouten vertoont het elektrovoltammogram een verbreding van het 
venster langs de anodische zijde. Deze verbreding wordt waarschijnlijk veroorzaakt door de 
polymerisatie van de dicyanamide anionen  aan de anode, waarbij een dunne film over deze anode 
gevormd wordt die de stroom deels zal tegenhouden en dus de opname zal vertragen waardoor het 
venster zal verbreden. Ook de thermische stabiliteit van deze ionische vloeistoffen is beperkt. Zij 
vertoonden reeds een sterke verkleuring wanneer zij bij 140 °C onder vacuüm gedroogd werden. 
 
 
Figuur 2: Elektrochemische analyse van dicyanamide ionische vloeistoffen. 
 
Het gebruik van deze ionische vloeistoffen als solventen in verscheidene applicaties werd ook 
onderzocht. Het gebruik van ionische vloeistoffen als solvent en additief/katalysator voor de Baylis-
Hillman reactie werd onderzocht aangezien de polaire aard van de ionische vloeistoffen verondersteld 
werd een versnelling van de reactie teweeg te brengen. Deze reactie werd uitgetest met verscheidene 
benzaldehyde derivaten die gecombineerd werden met methylmethacrylaat en leverde de adducten in 
uitstekende rendementen en, over het algemeen, kortere reactietijden ten opzichte van reactietijden 
die, bij het gebruik van acrylaten, kunnen oplopen tot meer dan 7 dagen (Schema 4). 
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Schema 4. 
 
Om ook de stabiliteit van deze ionische vloeistoffen ten opzichte van sterkere basen te onderzoeken 
werd [Ciso-4C1ABH][Tf2N] aangewend als solvent in Grignard reacties tussen alifatische of aromatische 
ketonen en ethyl- of vinylmagnesium bromide (Schema 5). De reacties verliepen snel met reactietijden 
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van 1 tot 2 uur met volledige conversie van het keton naar het overeenkomstige alcohol. Analyse van 
de ionische vloeistoffen na reactie leert dat, de zouten gebruikt tijdens de reactie met ethylmagnesium 
bromide, deels worden omgezet van het nitril naar het overeenkomstige keton, terwijl geen degradatie 
werd opgemerkt bij de reactie met vinylmagnesium bromide. 
 
 
Schema 5. 
 
Tevens werden metaal gebaseerde koppelingsreacties zoals de Sonogashira- of de Suzuki-
koppelingsreactie geëvalueerd in deze ionische vloeistoffen maar leverden geen goede resultaten op: 
de Sonogashira koppeling van broombenzeen en fenylacetyleen met behulp van PdCl2(PPh3)2 en CuI 
verliep zeer traag en de Suzuki koppeling met aromatische boorzuren bleek niet succesvol te zijn. 
  
In een tweede deel van deze thesis werd gepoogd meer gefunctionaliseerde 7-
azabicyclo[2.2.1]heptaan derivaten te synthetiseren door middel van een Diels-Alder reactie tussen 
2,5-dimethylpyrrolen en elektronarme alkynen (Schema 6). De overeenkomstige Diels-Alder adducten 
konden geïsoleerd worden in lage tot goede rendementen, afhankelijk van de aard van de 
elektronzuigende groep op het stikstofatoom van de pyrroolring.  
 
Schema 6. 
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Het verder functionaliseren van de bicyclische structuur werd ook geëvalueerd maar, na het 
aanbrengen van een aantal modificaties op het ringsysteem, kon de ontscherming van het 
stikstofatoom op de brug niet met succes worden uitgevoerd. Aangezien de derivaten xxiii, die een 
elektronzuigende groep bevatten op de brug niet konden gequaterniseerd worden tot 1,4-dimethyl-7-
azoniabicyclo[2.2.1]heptaan derivaten, werden er geen ionische vloeistoffen bekomen via deze 
syntheseroute. 
 
In een derde en laatste deel van deze doctoraatsthesis werd de synthese van 7-
thiabicyclo[2.2.1]heptaan verbindingen onderzocht. Deze bicyclische structuur kan, net zoals de 
azabicyclische derivaten, bekomen worden uit een Diels-Alder reactie van thiofenen, die echter nog 
geactiveerd moeten worden, en elektronarme alkenen. De synthese van bovengenoemde thiofenen 
werd onderzocht startend vanuit diketon xxix, waarbij getracht werd deze via een pinacol- of McMurry-
koppeling om te zetten naar het tetrahydro- xxx of dihydrothiofeen xxxi derivaat dat vervolgens zou 
kunnen omgezet worden in de overeenkomstige 3,4-ditert-butyl gesubstitueerde thiofenen xxxii 
(Schema 7). Deze route bleek echter niet succesvol, zodat de synthese van de bicyclische derivaten 
gestart werd vanuit 2,5-dimethylthiofeen dat in situ geoxideerd werd naar het overeenkomstige S-
oxide. Dit geactiveerde thiofeen derivaat ondergaat dan een Diels-Alder reactie met alkenen met 
vorming van 1,4-dimethyl-7-thiabicyclo[2.2.1]heptaan derivaten xxxiv. 
 
 
Schema 7. 
 
Methylering van de sulfoxide groep tot het overeenkomstige dialkylmethyloxosulfonium kation was niet 
succesvol. Daarom werd het noodzakelijk geacht om eerst het sulfoxide terug te reduceren naar het 
overeenkomstige sulfide. Dit sulfide kan daarna gemethyleerd worden met vorming van sulfonium 
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ionische vloeistoffen. Deze reductie was echter niet succesvol aangezien steeds cyclohexadieen of 
benzeen derivaten xl en xli gevormd werden via eliminatie van de sulfoxidebrug (Schema 8). 
 
Verscheidene pogingen tot conversie van de dubbele binding in het overeenkomstige vicinaal diol 
xxxvii of cyclopropaan derivaat xxxviii (via een Simmons-Smith reactie) werden ondernomen, maar 
deze bleken niet succesvol. Hydrogenatie van de dubbele bindingen kon wel worden bekomen met 
behulp van Wilkinson katalysator (RhCl(PPh3)3) zij het echter met een onvolledige conversie van om 
en bij de 60 %. In de toekomst zou deze hydrogenatie, samen met de daaropvolgende reductie van 
het sulfoxide en methylering van het sulfide, kunnen geoptimaliseerd worden zodat nieuwe sulfonium 
gebaseerde 1,4-dimethyl-7-thioniabicyclo[2.2.1]heptaan derivaten kunnen ontwikkeld en getest 
worden. 
 
 
Schema 8. 
 
Nieuwe ionische vloeistoffen, gebaseerd op het 1-cyano-7-azoniabicyclo[2.2.1]heptaan kation 
gecombineerd met verscheidene anionen, werden in deze doctoraatsthesis gesynthetiseerd en 
onderzocht op een aantal eigenschappen zoals smeltpunt, elektrochemische, thermische en 
chemische stabiliteit en hun mogelijke toepassing in onder andere oplosbaarheid van (zware) metaal 
verbindingen. De bis(trifluormethylsulfonyl)imide ionische vloeistoffen bezitten een goede 
elektrochemische (vensters van 4 Volt) en een uitstekende thermische stabiliteit (tot 380 °C). Zij 
kunnen ook gebruikt worden als solventen in verscheidene organische reacties. 
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